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Tb , polarization properties of BL Lac objects have been studied 
in two ways. First, a search for EL Lac objects has been conducted 
on the basis of their lirzea. :r, polarization properties alone, using: a 
rotating Polaroid filter er& the UK Schmidt Telescope in Australia. 
The large field and faint limiting magnitude of the Schmidt and the 
measuring capability of the COSMOS machine make a large -scale survey 
feasible. After, a test object was calibrated on short exposure 
pla°:. s, a series of deep exposures of a high latitude field were 
taken. The calibration was photoelectric down to B ti 16, with a 
photographic extension down to i-_ " 19 using the sub -bear prisms. of 
the Schmidt and the AAT. Calibrated polarizations and their errors 
are discussed, as is the senstivity of a simple differential 
technique to detect higk degrees of polarization. Finally a de- 
tection limit is derived and candidate BL Lac objects are selected.. 
Implied limits on the surface density of. BL Lacs are related to 
current ideas of their relationship to QSO's. 
Second, a sample of BL Lac objects have been investigated with 
infrared polarinetry in the J, IT and E wavebands using the UI.IFT. 
The instriarsterit and calibration procedures are described. The tire- 
scales of polarization variability from days to several months have 
been analysed for the most violent examples of this class. Severe- :l 
unusual kinds of polarization behaviour are seen. Wavelength 
dependent polarization appears .to be a property of two of these 
objects. This dependence is intrinsic to the non -thermal source 
and is not caused by dilution due to an underlying galaxy. Second, 
there is no obvious correlation between polarized and unpolarized 
flux. In particular, examples of large changes in the degree of 
polarization. with little change in the total flux are seen. Vari- 
able polarization on short timescales is a property of all objects 
observed, and there is also evidence for position angle rotations. 
The implications of ti-tesse features for current models of LL Lac 
objects are di sussed. 
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1.1 BL Lac Objects and Active Nuclei 
Recent observational evidence indicates that BL Lac objects 
are one of the most direct links with the energy source of all 
a.: give galactic nuclei. BL Lac objects have a continuity of 
properties with quasars and compact radio sources, and also with 
less ene.getic activity in relatively nearby galaxies. They emit 
the purest form of the non -thermal radiation which comes from the 
heart of quasars, Seyferts, N galaxies, radio galaxies and other 
active nuclei. BL Lac objects also include the most extreme ex- 
amples of nuclear activity, where the luminosity, compactness and 
variability exceed. that of any other extragalactic object. These 
properties pose severe problems both for theories of the ultimate 
power source and the emission mechanism, It is the physics of 
their non -thermal emission and their close link with quasars which 
make the BL Lac objects so important. 
The variable star BL Lacertae had been known for 50 years when 
Schmitt (196E) identified it with the radio source VRC 42,22,01 
(MacLeod a. Andrew, 1968). It was subsequently found to have 
rapidly variable radio flux (E9.raud F, Veron, 1968; Andrew et al., 
1969) and polarization (Olsen, 1969) , and a featureless optical 
spectrum. (Oke et al., 1969; Du Puy et a1., 1969). Visvanathan 
(1969) found a high degree of linear polarization in the optical 
continuum. The object was non- stellar on the Palomar Sky Survey 
plates, and Miller et al. (1978a)eventually demonstrated that the 
nucleus was in an elliptical galaxy with z = 0.07. Since the 
classification of BL Lac, many more objects with similar properties 
have been discovered, though they still form a small fraction of 
the number of known quasars. The review by Stein et al. (1976) 
quoted 32 EL Lac objects and the recent article by Angel and 
Stockman (1980) contains 56 with the number increasing every year. 
The definition of a BL Lac object has become looser as the barriers 
between classes of extragalactic objects are eroded, but it includes 
several of the following properties: 
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(i) strong, non- thermal radiation from optical to radio 
frequencies, 
(ii) large amplitude and often rapid flux variations at all 
frequencies. 
(iii) strong and variable linear polarization at optical/ 
infrared frequencies. 
(iv) power -law flux distribution rise{ steeply into the 
infrared. 
(v) generally smooth optical continuum with weal: or undetected 
emission and absorption features. 
(vi) usually a stellar image, sometimes with surrounding 
nebulosity (whenever a galactic component can be de- 
tected, it is due to an elliptical galaxy). 
It is becoming accepted as a working hypothesis (Stein, 1978) 
that the non -thermal BL Lac properties are a basic component of the 
quasar phenomenon. Consequently, the property of a featureless 
spectrum is of secondary importance because the emission and 
absorption -line regions are well -removed from the central 'engine'. 
Many BL Lac objects in fact have weak lines; spectroscopy at 
higher resolution and with good. signal -to -noise has led to redshifts 
for over half the current sample. The absence of strong emission 
lines in PL Lac objects can he explained by a lack of gas rather 
than a lack of soft X -ray or UV ionizing flux (Schwartz, 1979; 
Shields, 1978). The class of OVV (optically violent variable) 
quasars seem to be transitional between BL Lac objects and normal 
quasars. OVV quasars have strong emission lines, but share the 
properties of the BL Lac compact source: rapid variability and 
high polarization (Visvanathan, 1975 ;Miller,J., 1978). There are 
also transitional cases between nearby, nebulous BL Lac objects and 
elliptical galaxies which are only mildly non -thermal (Miller J., 
1975). Unfortunately, it is not yet possible to decide whether 
the various types of object are related in an evolutionary way or 
represent a common power source in different environs. 
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1. 2 Properties of BL Lac Objects 
1.2.1 Radio Properties 
Selection techniques for BL Lac objects heavily favour radio- 
emitters. The techniques of slitless spectroscopy and UV- excess 
searches are not appropriate for BL Lacs, so most have been found 
by identifications with the accurate radio positions of flat spectrum 
radio sources (i.e. from the Parkes 2700 MHz survey or from Ohio 
survey positions remeasure d with the NRAO interferometer). The 
great majority of BL Lac object, in the literature were selected 
for further study simply on the basis of positional agreemti.ït with 
a radio source. It is natural to wonder whether BL Lac objects 
have analogues to the radio -quiet quasars, which greatly outnumber 
the radio- emitting quasars (Mu -inch & Crawford, 1977; Katgert et 
al., 1973). Despite the selection effects, it seems likely that 
radio -quiet BL Lacs are very rare. The few BL Lac objects which 
have been selected by optical methods are also radio sources. 
I Zw 186 and k4k 501 were discovered in compact galaxy surveys and 
both turned out to be flat spectrum radio sources (A.ltschuler Rc 
Wardle, 1976; Khachakia {n Pc Weedman, 1974). Similarly 2155 -304 
and 1218 +304 were discovered in X -ray surveys and were subsequently 
found to be radio- emitters (Agrawal Riegler, 1979; Wilson et al., 
1979; Cooke et al., 1978), although 1218 +304 is the weakest known 
radio -emitting EL Lac: 57 mly at 1.4 GHz ( Ledden et al., 1980). 
The only one of 17 highly polarized QSOs which is radio quiet is 
PHL 5200, and there is doubt in this object as to whether the 
polarized continuum is non -thermal synchrotron emission. The 
alternatives are scattering by dust or free electrons in the broad 
absorption trough region (Stockman et al., 1980) . Finally, the 
claim that 1210 +121 and 1620+103 are radio quiet BL Lacs must await 
confirmation of the single, low S/N polarization measurement of 
each object (Ncllwrath & Stannard, 1980). To date, there is no 
compelling candidate for a radio quiet BL Lac object. One optical 
search technique based on high linear polarization is described. in 
the second part of this thesis. 
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The radio properties of BL Lac objects have been summarized 
by Altschuler and Wardle (1975) , Weiler and Johnson (1980) and 
Condon (1978). Most of the objects haee a very compact radio core, 
with the majority of the flux contained within milli -arc second 
regions. VLBI detections have been reviewed by Shaffer (1978a). 
Wardle (1978) has also found extended structure (10 - 200 arc 
seconds) in half of a sample of 27 BL Lac objects studied at 11.1cr 
and 3.7cm. 3C290,3 and 1400 +162 have extended double structure, 
though no BL Lac object has been found with classical D2 double - 
lobed structure. There is a range of components from the compact 
self -absorbed cores of a few parsecs to the regions of extended. 
emission up to a hundred kiloparsecs in size. BL Lac objects 
therefore have the same range of scale sizes as quasars and radio 
galaxies. Although the range is large, the typical radio spectrum 
in a centimetre survey differs from the typical quasar spectrum. 
Quasars have a median radio spectral index of a = 0.2 below 5 GHz 
and are optically thin above 10 GT/z ( Kellerman & Pauliny-Toth, 
1972). BL Lac objects have flatter spectra, a = 0 and remain op- 
tically thick up to 90 GIIz (O'Dell et al., 1978a). Both classes 
turn over with a spectral index of about a = 0.7 down to 1014 Iiz 
(Condon et al., 1978) , Many BL Lacs are flat over a very large 
range of radio frequency (Owen et al., 1978), and. can be interpreted. 
as the superposition of incoherent synchrotron radiation from 
several separate, homogenous compone: `s (Cotton et al,, 1980). Ir_ 
some of these objects the spectra are far from 'flat', and the term 
is used here to mean sources with GHz spectral indices a < 0.5. 
The luminosity of the compact components covers the range 1042 
46 -1 
10 ergs (assuming isotropic emission), which is again the saine 
range covered by quasars and radio galaxies. As at optical /infrared 
frequencies, the strongest BL Lacs are among the brightest radio 
sources in the sky. 
Rapid and strong variability of the radio flux is one of the 
most important properties of BL Lac objects. For homogenous 
samples, BL Lacs show a much larger degree of variability than 
quasars (Wardle, 1978), though there are exceptions and. the OVV 
quasars 20454 03, 30446 and CTA 102 have rather steady radio flux. 
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Not only is the amplitude larger, but the variability timescale 
is shortest for BL Lac objects. The high frequency variability 
timescale is often days or weeks, while quasars vary over months 
or years (Aitschuler & Wardle, 1977) . For the most extreme high 
frequency variables (AO 0235 +164, BL Lac, 0735 +17P), the rapid 
variability presents problems for conventional synchrotron theory 
if the soirces are at the cosmological distances indicated by their 
redshifts. If the radiation mechanism is incoherent synchrotron 
radiation, then self-absorption limits the source brightness temper- 
ature to tilO12K (Jones & O'Dell, 1974). The light travel radius 
of AO 0235 +164 from rapid 2, 8cm variability implies a brightness 
temperature >1O15K which can only be avoided if the emission is co- 
herent or if the emitting region is moving relativistically towards 
the observer (Ledden et al,, 1976). The absence of interstellar 
scintillation in AO 0235 +164 requires that TB < 1015E and rules out 
coherent radiation at least for that object (Scheuer, 1976), 
Variability at low radio frequencies is even harder to reconcile 
with the canonical synchrotron model. Since the early Molonglo 
observations by Hunstead (1972), the evidence for sub-GHz variability 
has become more convincing. Simultaneous 408 Bliz monitoring at 
Molonglo (McAdam, 1979) and Bologna ( Fanti et al. , 1979) has con- 
firmed several cases of variability on tinescales of less than a 
year. The BL Lac objects 0736 +017 and 0537 -441 have inferred bright- 
ness temperatures of 2 x 1016K and 2 x 1017K respectively. It is 
most likely that relativistic effects are responsible for the 
apparent superluminal flux variations. Since BL Lac, which has 
been demonstrated to lie within an elliptical galaxy, also displays 
super- luminal variations, the problem is not eased by assuming non - 
cosmological redshifts. 
1,2,2 Optical /Infrared Continuum 
The optical and infrared continua of BL Lac objects are well 
represented by a power law with a spectral index in the range 0,8 < a 
< 2.2 (Tapia et al., 1976; O'Del.l et al 1977a,1978). The continuum 
slopes are generally steeper than those of quasars (0 < a <l.6 from 
Neugebauer et al., 1979) with OVV quasars once again being transitional 
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objects between the two classes. A power law is a noticeably 
better approximation to the continuum for EL Lac objects than for 
quasars, implying that the optical infrared flux is predominantly 
non -- Thermal. Ir. objects such as AO 0235 +164, 1308 +325 and 0735+ 
178 the smooth power law steepens at optical frequencies, and this 
can be interpreted as high energy losses among the synchrotron.: 
emitting electrons (Rieke & Lebofsky, 1979; Rieke & Kinman, 1974; 
Puschell et al., 1979). Such steeply rising flux into the - infra- 
rad means that the bulk of the emission is emitted. from 1 -2011m. 
The most luminous BL Lac objects have an integrated optical /infrared 
flux of >1048erg s -1, making them among the luminous objects in the 
universe. The infrared is therefore .a very important wavelength 
range for the study of BL Lac objects, especially when there are 
selection effects against strong infrared emitters. Rieke and 
Lebofsky (1979) have pointed out that the volume of space sampled 
in searches to a given visual magnitude is a strong function of c:, 
and by studying the fields of flat spectrum radio sources without 
regard to optical morphology Rieke et al. (19 79) have discovered 
objects with 2.5 < a < 3.0. These infrared sources have the BL 
Lac property of variability and. are among the reddest extragalactic 
objects known. 
1.2.3 Optical /Infrared Variability 
Most BL Lac objects are strongly variable at optical and infra- 
red wavelengths. Substantial flux variations on a timescale of 1 
day have been reported by many observers, e.g. Miller (1977), Liller 
and Liller (1975) , Veron (1975) and Pica et a]., (1980) . The evi- 
dence for variability on a timescale of hours is less convincing, 
but isolated examples exist: Synder (1980) , Puschell et al. (1979) , 
Wolstencroft et al. (1980). The maximum rate of change is one mag- 
nitude in 24 hours for EL Lac itself (Wolfe, 1978) , and there is no 
evidence for periodicity in the flux variations of any EL Lac object 
or quasar. Over longer periods of weeks or months, flux changes of 
Am = 5--6 magnitudes have been seen. The flux variations of OVV 
quasars are comparable with this, but the variations in most quasars 
and S yfcit nuclei ti ch 7_ore modest t - Orly 1O -ZO %. During the 
long -tern changes, the shape of the optical /infrared continuum is 
usually constant (Kikuchi et al., 1976; Smith et al., 1975; Rieke 
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et al., 1976) , though short -term changes in C have occured in some 
sources (Oke, 1966; Visvaiathan, 1973; Craine et al., 1975) 
Most of the monitoring programs cover only the optical variability, 
but the infrared variations have the sore characteristic timescale 
and amplitude. The widespread correlation of infrared and optical 
variations supports the idea that all the radiation in that wave - 
length band comes from the same emitting volume. Yore significantly, 
BL Lac objects are the only class of extragalactic object (with OVV 
quasars) to show correlated radio and optical /infrared variability. 
Simultaneous radio and optical outbursts have been observed in 
0J287 (Rieke & Kinman, 1974), AO 0235 +164 (Rieke et al., 1976) and 
1921 -293 (Gilmore, 1980a),with the high frequency variations occuring 
much more rapidly than the radio variations. It appears that the 
radio and infrared /optical fluxes are closely related in some BL Lac 
objects, and are all produced by the synchrotron mechanism. The 
few sub -millimeter observations indicate that there is little de- 
viation from a simple extrapolation between the high frequency 
radio and near infrared points, 
1.2.4 Linear Polarizaticn 
The most distinctive property of BL Lac objects is their strong 
and variable linear polarization. Polarization has been observed 
in a variety of extragalactic objects, and can be caused by several 
physical mechanisms. Visvanathan (1974) and Hagen -Thorn (1974) 
have summarized polarization by scattering in normal galaxies, and 
Maza et al. (1979) have surveyed the polarization of 47 Seyfert 
galaxies where 8 of the sample had polarizations greater than 1.5 %. 
The optical and infrared polarization of Seyferts is predominantly 
due to dust scattering, since spectropolarimetry shows the emission 
lines and continuum to have the same degree of polarization 
(Stockman et al., 1976; Thompson et al., 1980; Martin, 197g). 
Stockman and Angel (1978) measured the optical linear polarization 
of 44 optically bright quasars, and the large majority have low 
(p ti 1%) intrinsic polarizations. The sample Was later extended 
to 102 objects with no difference between the polari 2ntion distri- 
bution of the optical and radio -selected quasars (Stockman, 1972). 
BL Lac objects and OVV quasars have much stronger optical polari- 
zation (p > 5%) which is attributed to synchrotron emission. These 
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objects do not form a simple continuation of the polarization dis- 
tribution of quasars; the distribution is bi -modal with the majority 
having p < 2% and a small tail of highly- polarized objects. High 
polarization is a good discriminant between BL Lac -type objects and 
'normal' quasars. 
BL Lac objects show substantial linear polarization at all wave- 
lengths. At radio wavelengths, the polarizations are lower and 
the fluctuations less rapid than at optical wavelengths. Wardle 
(1978) surveyed the polarization of 27 BL Lac objects at centimeter 
wavelengths and nearly half the objects had p > 10 %, Conversely, 
the highest degree of polarization in a variable quasar was 6,5 %, 
so there is a demarcation between quasars and BL Lac objects in 
terns of radio as well as optical polarization. Aller et al, (1980) 
have extensively monitored the polarization of fourteen variable 
radio sources, including seven BL Lao objects, at 4,8, 8,0 and 14,5 
GHz. The degree of polarization and position angle vary on the 
same timescale as the total flux, and the detailed behaviour varies 
from object to object. There is no correlation of flux, polari- 
zation and position angle (Seielstad 8> Berge, 1975) or of polari- 
zation position angle with the orientation of VLBI structure 
(Altschuler Rs Wardle, 1977) . The polarization behaviour is 
probably complex because of the complicated spectral structure of 
most BL Lac objects; several self- absorbed components may be con- 
tributing to the resultant polarization. Nevertheless, some 
very simple and important variations have been observed. BL Lac, 
OV -236 and OX 036 have shown rapid, large amplitude variations in 
position angle, always returning to the value before the burst 
(Aller et al., 1980) , The position angle of OJ 287 rotated system- 
atically by tilOO degrees over two years, similar to the change ex- 
pected when a synchrotron source evolves from being opaque to 
transparent. This interpretation was supported by the fact that the 
rotation propagated from high (8 GHz) to low(2,7 GHz) frequencies, 
which presumably became transparent at successively later times 
(Aller & Ledden, 1978). Even more striking are the linear position 
angle rotations which have been detected as the amount of systematic 
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monitoring increases. Ledden and Aller (1978) observed a remark- 
able 130 degrees rotation over 40 days during an epoch of otherwise 
random variations in AO 0235+164. The most reasonable explanation 
is a rotation of the magnetic field in the emitting region. 
Most of the radio flux, polarization and position angle vari- 
ations are consistent with the injection of populations of synchrotron - 
emitting electrons in a relatively small volume of the source. The 
high polarization and long-term position angle stability imply that 
the magnetic field structure is not disrupted by the bursts. The 
spectra of the polarized emission as it develops suggests that the 
absorption depth is near unity at lower frequencies, probably due 
to synchrotron self-absorption by the emitting particles themselves. 
It is significant that neither the position angle rotations nor the 
low (compared with the optical) polarizations can be due to Faraday 
effects. Faraday rotation outside the source is small; there is 
little rotation in the intergalactic medium (Kronberg, 1977) and 
little rotation in our own galaxy for Ibis 1> 25 °. Unless the 
source has a special geometry or large amounts of electron -position 
plasma, the limits on "front -back" Faraday depolarization restrict 
the proportion of thermal to relativistic electrons to be very small, 
ne /nrel < 
10 
-2 
- (Altschuler z Wardle, 1977). This limit is improved 
by looking for variable Faraday rotation between wavelengths, since 
the rotation is proportional to 1/(wavelength squared). The lack 
of observed Faraday rotation in some sources sets limits of ne /nrel 
< 10 
-4 
(Wardle, 1977). These limits are so severe that some 
F. :..- ay rotation might be expected due to the relativistic electrons 
themselves. Not only must there by very little thermal plasma in 
the source, but the power -law distribution of the relativistic 
electrons must cut off below a Lorentz factor of ti10 (Jones & O'Dell, 
1977a) . 
The polarization of DL Lac objects in the optical and infrared 
bands is generally higher than at radio frequencies. There are 
four BL Lacs with maximum polarizations greater than 20% and another 
nine with values greater than 20%. The observations and current 
theoretical models have been reviewed in a comprehensive article by 
Angel and Ftockaan (l EO) . Cha._:'..cterising the po>.:_ll.izatior 
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behaviour is difficult, because the most dramatic and highly 
polarized objects are often those which have been nest frequently 
observed. The highest polarizations (44% - see figure 3.5b) are 
a sizeable fraction of the maximum degree of polarization for synchro- 
tron emission in a uniform magnetic field. This indicates that 
there is very little inhoa_ogeneity in the source enitting region, 
Optical monitoring by Angel et al, (1978) shows that the power 
spe ::rum of variability drape of on tiaescales of less than a 
day; large hourly changes are very rare. At the other extreme, 
Hinman (1977, 1978) has discovered systematic changes in the annual 
means of the normalized Stokes parameters for 3C 345 and OJ 287. 
Polarization is usually independent of wavelength across the optical 
and infrared ( Knacke et al. , 1976; Tapia et al. , 1977), but there 
are examples of polarization decreasing (figure 3.5) and increasing 
(Knacke et al., 1979) with wavelength. BL Lac objects split into 
two groups with respect to position angle rotations. One group 
has position angles which. cover 21 radians and can be wildly vari- 
able; they are nearly all very luminous. The other group have 
preferred angles and are generally less luminous. Despite the 
range of properties in BL Lac objects, there is nearly a 1:1 cor- 
respondence between high optical polarization, optical variability 
and the presence of strong radio emission. Therefore, highly polar- 
ized objects are invariably those active nuclei with extreme non- 
thermal emission. 
1.3 Infrared Polariríetry 
The first infrared polarinetry of a BL Lac object consisted of 
2.2pm and 3.5pm polarinetry of the prototype BL Lacertae by Knacke 
et al. (1976). The polarization was independent of wavelength 
from 0.44 - 3.5pm and substantial dust emission was ruled out. 
Since then, 2.2pm polarinetry has been published for AP Lib (Capps 
& Knacke, 1978) , OJ 287 (Rudnick et al. , 1978) , OI 090.4, 0735 +178, 
Mk 421 (Rieke et al., 1977) , 1208+326 (Moore et al, , 19P0; Pusehell 
et al., 1979) and 3C345 (Knacke et al. , 1979) . Where simultaneous 
optical and infrared.. p ln__..-t._ is available, the 7,,riations arc 
similar at all wavelengths (1308+326: Moore et al., 1920). 
Rieke et al. (1977) observed position angle rotations between the 
optical and the infrared in 0735 +178 and 0I 0904. In contrast 
to the first published observations of BL Lac, Fuschell and Stein 
(1 80) found wavelength -dependent polarization with the polarization 
increasing with decreasing wavelength. Knacke et al. (1979) ob- 
served the opposite dependence in 3C345, with the polarization 
increasing towards the infrared. Their measured infrared polar- 
ization is one of the highest ever recorded, 23.2% at 2.2pm. 
The near infrared is a productive wavelength range for polarimetry 
of BL Lac objects. Not only are the maximum polarizations as 
high and the variability timescales as short as at optical 
wavelengths, but the infrared excess means that most of the energy 
is emitted beyond ipm. Therefore, infrared measurements give the 
most severe limits on the energy density in the compact source. 
In Chapter Two, the design and use of the infrared polarineter 
is discussed and the instrumental parameters and data reduction 
algori thus are 6?rived. Chapter Three presents the observations. 
The observations are interpreted in terms of current theories 
for the power source and emission. mechanism in Chapter Four, and 
in Chapter Five simple models of the magnetic field geometry in 




This chapter describes the configuration of the polarimeter, 
detector and telescope used in all the observations. It also contains 
a description of the observing, calibration and reduction procedures. 
All of the observations were made using the 3.8m United Kingdom Infra- 
red Telescope between December 1979 and August 1980. Because of the 
developing state of the telescope and instrumentation during that 
period, the experimental configuration was not the same for each ob- 
serving run. The special techniques of infrared photometry and 
polarimetry demand a discussion of several parts of the telescope 
system in addition to the polarimeter. 
The infrared polarimeter used for these observations was designed, 
constructed. and tested during a seven day period in December 1979, 
It was anticipated that various aspects of the early UKIPT instrument- 
ation might contribute systematic errors to the measurements, so the 
aims of the polarimeter were modest. It was designed to measure the 
high linear polarizations shown. by BL Lac objects with a polariietric 




The polarimeter consists of a circular plate in which is mounted 
a circular hollow bearing rotated by a stepper motor. A teflon belt 
drives the bearing from the stepper motor via reduction gearing of 
3:1. A 2 inch square of HP. Polaroid is mounted in the hollow bearing. 
On the rim of the bearing is a projection which trips a switch and 
acts as a repeatable top dead centre for the rotating analyzer. 
In December 1979, the polarimeter was mounted. upstream of the 
dichroic mirror between the two castings of the f/9 configuration. 
In April, July and August 1980 the polarimeter was mounted downstream 
of the dichroic on one of the ports of the photometer cage, In 
December, April and July the telescope was operated at the f/9 Casse- 
grain focus using focal plane chopping. In August 1980, the f /35 
focus with chopping secondary was employed. The position of the 
polarimeter in the light path has a significant effect on the instru- 
mental polarization, and is discussed later in Chapter 2 (see Fig. 2.1) . 
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2.1.2 Detector 
The infrared detector used is a 0.5mm piece of indium- entimon_ide 
which is a photoconductive material and electron'cally acts like a 
diode. The detector has a high impedance and two values of feedback 
resistor (Rs) are used to maintain the bias conditions under varying 
ranges of light intensity (L0.f = 5 x 1095; H.R 
f 
= 2 x 10 
11 
S-00 For 
faint objects or long wavelengths (L and longer), HiRf is used; for 
standards and bright stars, LoR is used. Since LoP «HiRf, the 
two resistors in parallel effectively equal L r . To use f t P , , L R 
o f 1 S o f 
is simply switched out of circuit. The two feedback x- 72istors must 
be very stable and carefully isolated fron the rest of the circuitry 
to prevent stray capacitances from altering their effective impedance. 
The balance potentiometer controls two back -to- -back F.E,T,'s And must 
be adjusted to optimize noise. The offset potentiometer controls 
the biassing condition. by routing a highly linear fast- slewing opamp 
through Pf into the FET chain. Saturation voltage for the circuit 
is 1,1 volts (Fig. 2,2). 
2.1.,3 Cryostat 
The InSb detector and preamp circuitry are mounted. inside an 
Oxford Instruments Dewar. To prevent thermal noise and microphonics 
the electronics are thermally and mechanically isolated from, the inner 
walls of the cryostat. The entry port (side - looking) has a mica 
window, followed by the filter wheel, the aperture wheel and a Fabry 
lens imaging onto the detector. The filters used in this work were 
the J, H and K filters, and the only apertures those of diameter 10, 
15 and 19 arc seconds. 
The inner and outer jackets of the cryostat are filled with 
liquid nitrogen (T = 77K) and the inner nitrogen is pupped solid on 
the telescope so the actual temperature is approximately 95K. The 
outer jacket is topped up periodically during the night to keep the 
detector temperature nearly constant. Every three or four days the 
inner jacket is brought up to ambient pressure, back -filled. with 
Helium, and refilled with Nitrogen, The Nitrogen cooling reduces 
the detector noise, as does a technique called "flashing ". It has 
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been discovered empirically that the unlikely procedure of shining 
a torch directly onto the InSb crystal decreases the detector noise 
by a factor of 3 or greater. The size of the effect varies from 
detector to detector but usually persists for a couple of days, and 
there appear to be no short term changes in sensitivity. 
The mechanism for this noise reduction is not properly understood, 
but it is possible that the influx of light creates a quasi -stable 
population of electrons in the conduction band of the crystal which 
increase the conductivity but not the sensitivity. However poorly 
understood it is, "flashing" has become a standard technique in infra- 
red astronomy (Soifer Pipher, 197S). 
2.1,4 Phase Sensitive Detection 
One of the characteristics of infrared observations of faint 
sources is that the signal is often very much smaller than the noise 
contribution from the sky. Therefore star /sky chopping is a commonly 
employed technique where the object signal is.subtracted from the sig- 
nal due to object + sky at a rate: faster than the variations in sky 
brightness. There are normally two ways of subtracting the stellar 
signal. With focal plane dropping, the angled dichroic is mounted 
on a Ling vibrator which performs a square wave motion of variable 
frequency, and throws the beam a specified amount in the focal plane. 
The throw required clearly depends on the aperture used but has a 
maximum of ti19 arc seconds, and the normal chopping frequency is bet- 
ween 6 and 10Hz. The second way of performing the subtraction is 
using a chopping secondary mirror, which on UKIRT is driven hydraulic. 'ly. 
This has several advantages over focal plane chopping, including a mu.h 
larger throw (2 arc minutes), variable orientation of throw and less 
micrephonics because the mechanical vibration is well removed from the 
cryostat. 
Phase sensitive detection of the signal uses a half -wave recti- 
fier tuned to the mirror chopping frequency. The input to the P.S.D. 
is an alternating signal of star and star ± sky, and the P.S.D. inverts 
the sky signal so that the net signal is star only. Therefore the 
output of the P.S.D. is a D.C. voltage, and if the object is faint, 
the D.C. level will hardly be distinguishable frof. noise fluctuation.; 
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about zero. This voltage goes to a V -F converter which is linear 
over a large bandwidth and can adequately digitize bright and faint 
objects and accurately represent the noise fluctuations. The out- 
put of the V -F is a series of pulses produced at a rate proportional 
to the D.C. input level. The pulses are registered in 1 second 
bins and integrated for a time determined by the observer (these are 
instrumental pulses, and there is no analogy with photon counting). 
In addition to sky chopping, there is a much slower beam switching 
or "nodding" where the star is alternately placed in each of the two 
chopping positions. In this way the effect of sky brightness 
gradients in the vicinity of the object is removed. Beam switching 
is normally done every 10 to 20 seconds. The data acquisition 
system, is shown in Figure 2.3. 
2.1.5 System Software 
The puise trains from the V -F converter are counted over a fixed 
interval by the LSI 11 software. One beam switch pair (left and 
right) is used as one observation to estirate a probable error and 
calculate an instrumental magnitude. If a standard star has pre- 
viously been observed, instrumental magnitude offsets can be used to 
calculate the true magnitude of a program star. Each left -right 
pair is Multiplied by the range on the amplifier, which has been 
calibrated to <0.1 %. Data files are labelled and stored on disc 
and can be manipulated and displayed. on a Tektronix scope. The 
LSI 11 drives the filter wheel and counts and times the integrations 
through a CAMAC interface. 
2.1.6 Polarimetry Software 
The polarimeter uses the CVF mode of the LSI il system. By 
using the CAMAC port normally assigned to the filter drive unit, the 
observer drives the analyzer as if it were a CVF. A polarization 
scan consists of integrations at 8 positions separated by 450; 
successive scans are co -added and the integration time at each position 
can be set by the observer. After each scan (or "8 wavelength 
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spectrum "), the Polaroid is returned to the top dead centre position 
with a precision of one stepping motor step or 0.3 °. There is no 
chance of a cumulative position angle error with this procedure. 
As data is acquired, it can be reduced in real time using an instru- 
mental parameter file which is stored on disc. At the end of an 
observation, it is possible to print out the magnitude, polarization 
and position nngle of the object plus the relevant instrumental 
polarization :arameters. The reduction software is outlined in 
Figure 2.5. 
2,2 Observing Procedures 
2,2,1 Configuration of the Polarimeter 
The position of the polarimeter in the light train of the 
telescope was dictated by the need to accurately guiding on opti- 
cally faint objects. During the period of the observations, the 
limiting magnitude of the UKIRT T.V. gui ding system was brighter 
than all but one of the program ol- jects. Therefore object guiding 
was impossible. In Deco: ber 1979, the polarimeter was mounted up- 
stream of the local plane chopper (dichroic) ; however, the atten- 
uation of light reaching the T.V. by the Polaroid prevented even 
the use of offset stars for guiding. So a flip -in mirror and grati- 
cule were used to position the object in the left and right beams by 
eye. This observing procedure was very inefficient, In April and 
July, 1980 the polarimeter was placed downstream of the dichroic on 
the entry port of the cryostat. This permitted use of the T.V. 
system to offset guide on a bright star. At f /9, the travel on the 
X -Y crosshold for the T.V. camera was ± 12" and an SAO star could be 
found near most of the EL Lac objects. For the remainder, a bright 
star in the field was measured on an X -Y machine to about 2" 
However, it is a polarietric principle that there should be no 
optical component above the analyzer because it may alter the Stokes 
parameters of the incoming light. To understand the effect of the 
dichroic mirror, a series of tests had to be made on the telescope, 
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These are described in the next section. In August 1980, a further 
complication was added by working at f /35 with a chopping secondary. 
The reduction in the size of the offset field from f/9 to f/35 scaled 
the offset stars for most objects beyond the reach of the crosshead, 
and since the T.V. limiting magnitude was only nv = 14, observations 
were restricted to BL Lac objects with bright, nearby guide stars. 
Because of the different configurations of the polarimeter, the 
instrumental parameters were expected to change from run to run. 
In particular, a different reduction procedure was required for 
measurements made with the analyzer before and after, the dichroic 
mirror (Table 2,1). 
2.2.2 Observing Procedures 
On each night, the inner and outer jackets of the cryostat were 
topped up with liquid Nitrogen and the detector was given a 2 -3 
minute "flash" with a torch through the J filter (the length and 
intensity of the flash did not appear to be critical, although some 
InSb systems do not respond to "flashing "). After adjusting the 
balance pot, the detector noise was measured with a blank aperture 
in position and the bias voltage on. The next checks, both critical 
for good photometry, were the focus and bear:. profiles. The infra- 
red focus is normally linked to the T.V. focus, but with the thermal 
inertia of the telescope being significant, it can change and must 
be checked more than once in a night. Optimum focus is essential 
when the beam is being imaged onto a imm detector. Beam profiles 
were mapped by drifting a bright star through the left and right 
beams. First, the profiles should be flat -topped and steep -sided; 
if they are not then signal can be lost by small deviations in guiding. 
The diagnosis for peaked bean profiles is usually poor Fabry optics. 
Second, the beam separation must be adequate. Unless the chopping 
throw is larger than the aperture being used, there will be no 
plateau of zero signal between the right and left beams. When the 
T.V. was being used for guiding, the half -power points on four sides - 
of each bean were narked on the T.V. screen as an aid to guiding. 
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Since flexure in the telescope,dichroic mounting and T.V. mounting 
can change the beam positions substantially, they were checked re- 
peatedly, especially after moving through the zenith. 
After acquiring and cep- -ring an object, the observing routine 
began by choosing an integration. time for each position angle in a 
polarization scan. For most of the observations, that ranged from 
5 to 10 seconds and a complete scan took from ,° to 1 minutes. 
Although rapid rotation would have allowed the advantage of working 
through thin cloud such as cirrus, it was impractical to drive the 
analyzer any faster than 1Hz and the resolution would have been 
considerably degraded* All the observations were made in the 
step -and- integrate mode, with the facility to pause between individual 
integrations or between complete scans. Occasionally a noise spike 
or "glitch" contaminated a point in a scan, and with the LSI 11 soft- 
ware it was possible to redo that point. Meanwhile, the offset 
star was kept in the centre of the appropriate beam using the analogue 
guiding mode operated through a joystick. With analogue guiding, 
any tendency for RA oscillations was considerably reduced. Polar- 
ization scans were coadded and displayed until sufficient precision 
had been achieved. Data files were written to disc as they were 
acquired, and a separate observing log was kept to record housekeeping 
information and weather conditions. Notes were written on the com- 
puter output and on the chart recorder output to diagnose glitches, 
noise and amplifier gain settings. 
During each night, photometric and polarimetric standards were 
observed, with photometric standards serving as extra checks on the 
instrumental polarization. The standard stars used during the ob- 
servations are listed in Table 2.2. A second piece of HR Polaroid 
was used for tests of Polaroid efficiency and the polarization 
properties of the dichroic. In July and April, objects of known 
polarization were observed. In December, a faint unpolarized source 
was observed to check for magnitude - dependent effects in the 
* The duty cycle of integration /rotation with 10 seconds /angle was 
>00 %. 
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instrument. Observations of an unpelariz tad standard were racle 
n 
with the photoeter cage rotated through 90-, to measure any polar- 
ization due to the telescope optics, The instrumental parameters 
were checked during each run. 
2.2,3 Sources of Error 
The sources of error in the photometry and polarin.»?try are 
noted here in principle and are quantified in Section 2.4. It was 
recognized that because of imperfections in the polarineter, problems 
with guiding, non- ideal beam profiles and other systematic errors, 
the strict photon -error was unlikely to be the dominant contribution 
to the precision of an observation. Since the offs ét crosshead 
could not rove reliably onto an object viewed through a 10 or 15 
aperture, the position of the object in a bear was always checked by 
peaking up on the half -power points of the infrared signal. This 
limited observations to BL Lac objects whose signal could be seen on 
the strip chart; in general more than 3 magnitudes above the de- 
tection limit of the system.. Blind offsetting onto faint sources 
was not possible. One centred, the object was kept within the infra- 
red beam by guiding the appropriate bright offset star on the T.V. 
screen. 10",15" P,L 19" apertures were used throughout and no 
correction was needed between them. because the sources were stellar 
and observations at 2pm were not background limited, In July and 
August, the beam profiles were poor with peaked tops and a reduction 
in signal within the extent of the aperture. Therefore guiding to 
better than. 2 was needed to r .intain the integrity of the signal to 
a few percent. In general, this was not a problem; but in the pre- 
sence of a strong wind and at large zenith distances, telescope os- 
cillations of 1 -3 were observed and contributed errors to the 
photometry. 
During parts of the April, July and August runs; observations 
were made in non- photometric conditions. Without fast rotation of 
the analyzer, the polarimetry is contaminated by changes in trans- 
parency. Weather conditions were monitored by standard. observations 
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at the beginning, middle and end of the night and the photometric 
error within a night was characterized by the agreement of standard 
magnitudes with published values. It is noted that one potential 
problem was avoided by step -and- integrate polarimetry. The presence 
of a stepping motor near the beam is a possible source of heat con- 
tamination. However, by being run only intermittently, the stepper 
Motor never reached its operating temperature and did not contribute 
to the thermal noise. 
In the reduction of the observations a three tier system. of error 
determination was used. First, the formal photon error was calculated 
based only on the intensity of the source. Second, a standard error 
was calculated based on the goo: °.ess of the least square fit to the 
data points. The standard error uses the reduction algorithm and 
includes the uncertainties in the instrumental polarization parameters. 
Finally, a representative error was calculated, This includes the 
agreement of the standard observations (photometric, unpolarized and 
polarized) , with published values and the consistency of measurements 
within a night, within a run and between runs. The representative 
error also reflects the correctness of the reduction algorithm and 
includes sources of systematic error such as guiding errors, imper- 
fections and dust on the analyzer end optics, reflected light in the 
photometer cage, beams wander on the detector, flexure of the telescope 
and poor transparency. In general the three errors increase in mag- 
nitude, and in this study the largest will be adopted as the true error. 
2.3 Calibration 
2.3.1 Definitions 
A polarized bean of light can be described in terms of the ellipse 
swept out by the electric field vector, with four parameters cor - 
responding physically to the shape, size, orientation of the major 
axis and sense of rotation of the electric vector. The .four para - 
meters are the semi -major axis Ea, the semi -minor axis Eb, the angle 
6 between the semi -major axis and x -axis of an arbitrary Cartesian 
coordinate system, and the sense of rotation of the electric vector as 
viewed down the 7 -axis of the coordinate system (Fig, 2,4.) . A bear 
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composed of unpolarized light of intensity I and polarized light of 
intensity Ip (where Ip2 = + Eb2 ) is described by four quantities 
known as the Stokes Parameters (I, Q, U and V) which are defined by 
where 
and 
I _ I + P 
u p 
Ç = I Cos 2; Cos 20 
p 
U = r Cos 2C Sin 20 
p 




+ U` + V2 
p 
tan 2E = Eb/Ea 
The linear polarization p is defined as 
p = Ip Cos 2E /I 
and the circular polarization is given by 




4'a) ( 2 . .. 
The advantage of using Stokes parameters is that although they 
were formulated to describe perfectly polarized light, they can be 
used for any partially polarized light beam. A generalized light 
beam has two components with the following Stokes parameters. 
Unpolarized component I, 0, 0, 0 
Polarized component I, Q, U, V 
The Stokes parameters of a light beam will alter as they pass 
through an optical element, and are dealt with using the Meuller 
calculus (Meuller, 1946). This formalism treats the Stokes parameters 
as a column vector and the optical component as a suitable matrix. The 
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Each element must have its axes transformed into the sane 
reference frame and particular care must be taken to apply the ele- 
ments in their right order, as matrix :zebra is non -commutative. The 
elements used in this analysis represent partial polarizers and re- 
tarders. The telescope and analyzer are assumed to be partial polar - 
izers and the dichroic mirror is assumed to be a partial polarizer and 
retarder. Al]. angles and rotations are taken_ with respect to polari- 
zation on the sky, i.e. North -South is zero and angles increase 
measured North through East. The matrix elements which will be fre- 
quently used in the reduction are derived in Appendix A, The Meuller 













k 0 0 0 2(K1K2) ' 
(2.c) 
where K1 and K2 are the principle transmission coefficients in ortho- 
gonal directions bounded by 
0 < K2 < K1 < 1 (2.7) 
For an ideal analyzer K1 = 1 and K2 = O. The matrix element for 
a pure retarder is given by 
{R} = 
1 0 0 0 
O 1 0 0 
O 0 Cosd Sind 
O 0 -Sind CosSJ 
(2.8) 
where d is the differential retardation or retardance. The matrix 
e]erent for rotation of axes is given by 
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(1 o 0 01 
{/ } 0 Cos 2A Sin 2A 0 
0 -Sin 2A Cos 20 0 } 
\0 0 0 1 / 
(2.9) 
where A is the angle between the principal axis of the optical compo- 
nent and the reference frame of position angles on the shy. The 
matrix with A _ --A is called {0'} and {ti } {p'} _ {I }, the unit matrix. 
Therefore the full matrix operator used to incorporate an element 
into the optical train is 
{o- } {x } {L} 
and from eqn. (2.5) 
1* 1 ! 
` a- , 
LT: - {G'}{x}t4} U 
¡ f 
V*f V¡ 
2.3.2 Instrunental Parameters 
(2.10) 
(2.11) 
For this telescope- polarimeter combination, there are eight in- 
strumental parameters to determine (seven of then at three wavelengths 
each) . They are: 
S - instrumental sensitivity 
- efficiency of the EP Polaroid 
ß',w - polarization and position angle of the telescope 
G,r - polarization and position angle of the dichroic 
mirror 
Y - effective retardance of the dichroic mirror 
e - conversion angle for position angle zero point. 
The 22 parameters are determined by various tests on the telescope, 
with as much multiplicity as possible to ensure reliable answer;. Three 
of the parameters were only calculated during one run and were assumed 
to remain constant. 
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(r.) ß,o : the linear polarizaticn of a Cassegrain telescope does 
not usually exceed 0.1 %, so ß' would be expected to make a negligible 
contribution to the analysis. To check this an unpolarized star 
from Serkowski's list(1974a)was observed. These stars have been ob- 
served with rotatable tube telescopes and are therefore reliable 
standards. Scans were taken with photometer cage at Go and 90o, 
and reduced according to the equations (C4) and (C5) . The results 
were, 
ßJ 
< 0.3% ßN < 0.2% (2.12) 
In view of the errors introduced by other parts of the polari- 
meter, it was clear that the telescope polarization could be taken as 
zero since the errors on these measurements were ti0,2 %. The result 
was applied to the K waveband too, and in all the subsequent analysis, 
ß.T,H,K 
= 0 , co = 0 (2,13) 
(h) ß : The published efficiency curve for HP Polaroid (Polaroid U.K. 
Ltd.) shows that it becomes 'leaky' longward of 2.2p11m. Since the 
efficiency ß is a factor as in all the reduction equations, it must be 
calculated very carefully, especially across the K waveband. First, 
it was calculated by convolving the transmittance of the UKIET filters 
with the principal transmittances of the HR Polaroid as a function of 
wavelength and considering various incident flux distributions. This 
calculation is presented in Appendix E, and the results were, 
ßJ = 0.9986, 13.11 = 0.996, Ii = 0091 (2.14) 
There is a ti10% leakage of unpolarized light across the K wave- 
band. Although a uniform flux distribution with wavelength was 
assumed, using power law flux distribution of slope a = 2 (typical 
for a 1L Lac object) makes less than 1% difference in ßi.. A second 
determination came from a telescope test involving crossed, identical 
HR Polaroids. From equation .(C 14) , 
ßJ = 0.991, ßx = 0.994, ß = 0.881 (2.15) 
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The agreement is good.: less than 0 °5% at J and Ii, and 3 °5% at K. 
The published curves for Polaroid materials are not guaranteed to 
better than a few percent. The experimental values (2 °15) for G were 
adopted (see Table 2 °8 for summary). 
The other quantities, which refer to the dichroic mirror and the 
sensitivity of the InSb detector, were determined. on every night. The 
instrumental sensitivity S was measured by observing photometric 
standards from the UKIRT, Glass and AA0 lists. These stars are usually 
brighter than K = 4 and often had to be observed with a divide -by -10 
circuit to reduce the signal below the saturation level. The scaling 
circuitry has been calibrated to 0 °1 %, so no systematic errors were 
caused by calibrating faint objects with bright standards. During 
some nights the transparency was poor and the accuracy of the photo - 
metry was determined by (a) the consistency between closely spaced 
scans of the same star (Table 2 °4) and (b) differences between the 
instrumental sensitivity on successive nights (Table 2 °5)° Changes 
in sensitivity between runs may be expected since a different detector 
was used in December and in April -July. In August, a different tele- 
scope f -ratio and cryostat were used and the sensitivity is likely to 
be different again. The values of S are presented in Table 2 °3 and 
Figures 2 °6 -2 °8° 
The sensitivity is calculated in terms of the magnitude of the 




e10m S = exp 25 J 
/zK = exp i/K 
the object magnitude is therefore calculated by, 






The transmission curves of the broadband interference filters are 
plotted in Figures E^, E3 and E4° The effective wavelengths are 
1°25pm(J) , 1°65um(II) and 2°2pm(K) ° The flux calibrations were taken 
from Neugeba.uer et al., (1979) and Beckwith et al., 0976), and are 
based on the model of aLyr by Schild et al., (1971) and absolute 
measurements of aLyr by Oke and Schild (1970). The spectral flux cali- 
brations aìid typical telluric e..tiL1ctic:i coelficieìits icr rou,?a Kea are 
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listed in Table 2.1. BL Lac objects are significantly redder than 
the stars used as calibration standards and the effect of mapping the 
energy distribution with broadband filters means that the calibration 
will only be accurate to ti5%. It is worth noting that the general 
lack of emission and absorption features means that the colours are 
insensitive to changes in z, and that differential flux measurements 
are considerably more accurate than 5% and usually limited by other 
systematic errors. For conversion from the broad band filter system 
to flux units, a correction for each waveband must be derived from 
the transmission functions of the filters and the polaroid, the 
spectral sensitivity of the detector and the flux distribution of the 
object. This calculation is presented in Appendix E(ii) and the 
fluxes in Table 3.4 have been corrected appropriately. 
The general effect of mounting the polarimeter above and below 
the dichroic is now discussed. Each set -up has its own disadvantages 
for accurate polarimetry. Only by carefully considering the polarizing 
properties of each element in the light path can consistent results 
be obtained. In December 1979, the polarimeter was mounted upstream 
of the dichroic mirror and was therefore the first optical element 
(the telescope having insignificant polarization). The next element 
was the dichroic, which consists of a metallic film plus optical anti - 
reflection coating on a dielectric substrate. The optical radiation 
passes straight through to the T.V. guider and the infrared beam iz 
reflected at 45o. In general, a tilted mirror will introduce both 
linear polarization and linear -to- circular conversion to a partially 
polarized incident beam. Therefore the dichroic is characterized by 
an instrumental linear polarization and position angle (ß,a) and a 
retardance (d). The characteristics of metallic reflection are dis- 
cussed in Appendix D. In this treatment, the only assumption made 
about the action of the dichroic is that the principle axes of retard- 
ance and partial polarizance are identical (In fact, a difference of 
5o would make a difference of <3 %, in the terms of matrix element {D} 
- see Appendix A(iv) and (v)). It can be shown that the two actions 
of the dichroic are independent - see Appendix A(iv). The problem 
with having a partial polarizer between the rotating analyzer and. 
the detector is that the signal is modulated at four times the rotation 
frequency of the analyzer (Appendix C(v)),. There are terms in 40 in 
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equation (C.16), where 0 is the rotation frequency. Since there 
are only sampled intensities at 45° intervals, a sampling frequency 
of 8p, Fourier components at 40 are aliassed and that information 
cannot be retrieved. However the Fourier components at 2p contain 
the polarization information of the source, and the polarization can 
be computed exactly (C,20)(C.21). The consequence of power in a 
higher order component is that signal -to -noise is degraded in the 20 
components fitted by least squares. One solution would be to sample 
more frequently, another would be to use a (wavelength integrating) 
depolarizer in between the analyzer and dichroic. With a depolarizer, 
unmodulated radiation would be incident on the dichroic and the 20 
modulation produced at the detector could be subtracted off by observing 
an unpolarized star. 
With the dichroic above the analyzer, both the linear polarization 
and the retardance of the dichroic become important. The Stokes 
parameters of the dichroic as a partial polarizer will just add vector - 
ially with the Stokes' Parameters of the incoming light, and can be 
subtracted away using an unpolarized star, However the action of 
the dichroic as a retarder will depend on the phase of the incoming 
light, and the retardance can only be calibrated by observing a star 
of known polarization and position angle. The effect of retardance 
can be seen in equation (B.7), where for convenience the quantity y is 
used (Y = 1 -ß2 cos S). At reflection, the E vector parallel to the 
principle axis of the dichroic suffers a phase change S. The effect 
is equivalent to linear -to -circular conversion. In equation (B.7), 
the effect is to reduce the modulation on the term sin 2(Ç -a), i.e. 
the term parallel to the principle axis, If S = 0, there is no de- 
modulation and if S = 90 °, the E vector is rotated to be perpendicular 
to the principle axis and the term in sin 2(0 -a) is zero. In general, 
if linearly polarized light passes through a retarder, the emergent 
light will have two components differing in phase by d. Since the 
tip of the E vector describes an ellipse, linear polarization will be 
converted into elliptical polarization, 
ß, a and S must carefully be calculated. Since the demodulation 
by S depends on the incoming stokes parameters, it should be derived 
-28- 
for several incident position angles otherwise a small error in the 
angle can make a substantial error in the determination of 6. 
Similarly, in (C.22) the angles fitted by least squares involve (¢ -a) , 
so a must be well -determined. Since the dichrci is so important to 
the polarization properties of the instrument, the physics of its 
action is discussed in Appendix D. 
(c) ß,a. : The values of e and a derived from observations of un- 
polarized stars are given in Table 2,6, The reduction formulae are 
given by eq ations (C.9) and (C.10). It is noted that for observations 
of an unpolarized star, there is no difference between the two 
situations with the dichroic above and below the analyzer. Table 2.6 
shows that the metallic reflection of the dichroic has introduced 
significant instrumental polarization which increases with decreasing 
wavelength. The magnitude and wavelength dependence of ß and a are 
in agreement with the theoretical calculations of Appendix D. On 
many occasions, the photometric standard serves as a secondary check 
on tile instrumental polarization. It can be seen that e and a change 
their mean values between runs, which can be expected due to deterior- 
ation of the dichroic or a different light path of the reflection. 
The value of ß increases from Run 1 to Ems 2 and 3, and again to Pun 4. 
The two runs (2 and which took place with the sane optical train 
show good agreement indicating that the optical configuration is more 
important than deterioration of the dichroic in determining ß. The 
sane dichroic material was used in Runs 1, 2 and 3 with a different 
piece in Run 4, and there is much larger dispersion in ß and a during 
Run 4. There are also changes in the mean value of a, the position 
angle, between runs, If the dichroic is mounted North -South, a will 
be 900, However, the procedure of aligning the optical and i :tared 
axes of the telescope and imaging the beam on to the detector usually 
involves moving the dichroic on its triaxial mount, In Puns 2 and 3 
it was clear from visual inspection that the dichroic was not in the 
North -South plane, hence a was not exactly 900. In the case of focal 
plane chopping, the displacement would not he truly vertical and this 
was confirmed on the T.V. monitor, The dispersion of e and a between 
r.i 'hts was always less than the cbannes between runs. ß and a are 
plotted in Figures 2) - 2,11, 
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(d) Y : As discussed. in Appendix D, metallic reflection 
generally introduces a phase lag between the components of the E 
vector parallel and pe,.pendicular to the plane of incidence. The 
effect of the retardance depends on the Stokes parameters of the 
incident light, but generally S will reduce the measured deg, of 
linear polarization and. rotate the plane of polarization. Equation 
(B.6) demonstrates that the retardance of the dichroic is not important 
when the analyzer cores first in the optical train. Therefore the 
reduction of data taken in December 1979 (Fun 1) does not involve y. 
For the remaining runs, the retardance and its effect on calculated 
polarizations is shown in equations (C.22)-- (C.26). 
y was calculated by observing an object with known polarization 
and position angle. Since the dichroic may deteriorate between runs, 
y was determined during each run with the dice ::,ic ahead of the ana- 
lyzer. The first measure of y care from observing the Becklin- 
Neugebauer Object in Orion which has the following polarizations, 
p, = 17.5% , I 
PH = 34% 
3= 113° 
eII = 116° 
(2.18) 
(2.19) 
The object is too faint nt J to have a measured polarization. 
When y is calculated according to equation (C.23), 
YK 
= 0.757 , 
}II 
= 1.07 (2.20) 
When the polarization of the object is calculated using (C.25) 
and assuming that y = 1 (no retardance) , 
pF = 3 . 5 pK = 16.2% i (2.21) 
The result of (2.21) where the polarization comes within 1.5% of 
the true K value with y = 1, shows that y is close to one. However, 
the F polarization is higher than the true value implying y 1 which 
is obviously a non -physical result. Although the B -N test gives an 
indication of y, it has several disadvantages. First, it is not 
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possible at all at J and at R_ B -N is over four magnitudes fainter 
than at K so the signal -to -noise on the H measurement is degraded. 
Second, the form of equation (CO23) shows that for angles where 8 =a 
there is an infinite discontinuity, 
B2(l +8p Cos 2(8 -a)) 
YJ,H,h pß sin 2(O-a) 
(CO23) 
At values of 8 near a, y will be highly sensitive to errors in 
p, 8 and a, For B -N, a(pK) ti 1% and a(8H) _ 2° and from Table 206 
a _ SO°; therefore a 2° change in 8 can alter y by as much as 0,1. 
In contrast, equations (0022) and (CO24) show that the fitted para- 
meters A2 and B2 and the object Stokes parameters p1 and p2 are 
smoothly varying functions of O and a. Determining y is very sensi- 
tive to discontinuities in equation (CO22), but once y is determined 
polarizations can be calculated from the smoothly varying reduction 
formulae. The danger is that the observation of a polarized object 
might correspond to a discontinuity, and y must be found in a way that 
is less dependent on the errors in p, 8 and a. 
A second piece of HR polaroid was mounted above the dichroic, 
giving an arrangerrert of polaroid -dichroic- pola.ro:id. The top anal; er 
was rotated. through 180° in 15° steps; and for each position of the 
top analyzer, the bottom analyzer rotated once and a scan was stored, 
12 positions from 0° to 1650 were used, which is a sample of one full 
modulation period. The reduction is given by equations (B04) and 
(C011), which are identical to (B,7) and CO22) except that ß replaces 
P. The polarized source is now a sheet of KR polaroid, In Figure 
2.12, A2, 82 and y are plotted against the angle of the top analyzer. 
These results map out the response of the instrument to all incident 
Stokes parameters. y can be calculated by fitting this curve, which 
is much less sensitive to errors in angle than the B -N method, From 
(C.2'2), 
8(8+8 cos 2 (Çñ' -a)) Y 2 sin 2 (ÇTr' -a) 
B2 
- (l +88 cos 2(0' -a)) A2 '(l +88 cos 2(ÿi' -a)) 
+ 





EMA= y1 ; BrRIN = -y2f (2,22) 
Also, from (C.11) , when_ A2 = B2, (r -a) can be measured off the 
graph, 
ß(ß +ß cos 2(ßf' -a)) = yß2 sin. 2(0' -a) (2.23) 
(ß +ß cos 2(0'-a)) 
° y 
3 ß sin 2(0'-a) 





are calculated from a least squares fit to the 
curves in Figure 2,12. Using ß = 0.881 and ß = 3.5 %, 
(2.24) 
(2.25) 
yl = 0.95 , y2 = 0,94 
, y3 = 0.95 (2.26) 
The agreement between these values indicates a value of y around 
0.95, with very little demodulation of the signal. As a check, p 
and 0 are calculated from equations (C.24)- (C.26) to confirm that the 
calculated value of y = 0.95 is correct. The mean value is 86.2% 
compared to ß = 88.1%. Since y is multiplicative, the error scales 
with the polarization and this implies a degree of polarization accurate 
to within 2 -3% of its value. Some of this error can be attributed to 
an uncertainty of tit° in measuring the position angle of the top 
analyzer. An estimate of yu and yJ comes from two single measurements 
that were made at the last position of the top analyzer (165 °). The 
analyzer was not moved between the J, H and K measurements, so they 
are directly comparable. 
Now 
8165° 8165° 8165° 
BMAX K BMAX H BMAX J 








Pi'AX (B1(35°) J 
Y 
1650 I{ ß2 
-J 
> yH = 0.96 , yJ = 0.99 
(2.29) 
(2.30) 
In April, it was only possible to scan three angles of the top 
analyzer, but the numbers agree well with those obtained in July 
(Fig. 2.1.3). The first angle corresponds to BAAX, so from (2,22), 
yK = 0.96 
In the August run, the positions angles from 0o to 1650 were 
mapped again in 15o increments. In addition, then., was a static 
(2.31) 
piece of HR polaroid between the top analyzer and the dichroic, making 
the arrangement polaroid -polaroid -dichroic -polaroid. The modulation 
is given by (B.9) for the patallel polaroid case and (B.10) for crossed 
polaroid.s0 From (B.10) and (C.23), 
yK=0.94 (2.32) 
The value was obtained from the 0o position of the top analyzer, 
The H and J measurements were made at 165 
o 








J 165o K B 
(2.33) 
(2.34) 
} yH = 1.10 , yJ = 1.01 (2.35) 
In summary, the determinations of y indicate a small retardance. 
The observation with most weight is the July P -D-P test because all 
possible incident Stokes' parameters were covered. Intuitively, the 
small amount of dewodulat ion iapl.ie s a value of y near unity. Within 
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the errors, all estimates of y and Y 
IT 
are consistent with unity, 
while yh = 0.95. The exnerimerta.l tests are collected in Table 2,S. 
The way to avoid linear -to- circular conversion by a tilted plane 
mirror is to place a rotatable retarder in front of it. The retarder 
modulates the three Stokes paraeeters Q, U and V, while reflection 
from the mirror changes only U and V (if angles are described by 
(2.1) and measured from the plane of incidence on the mirror). The 
modulated Q parameter is only multiplied by a constant factor near 
unity by the mirror. The reflected light then passes through a 
Wollaston prism in a fixed orientation such that the intensities of 
the transmitted beams depend only on Q. In this way it is possible 
to measure linear and circular polarization with the effects of 
metallic reflection removed, 
(e) e : E is an arbitrary constant angle that relates the 
position angle of the analyzer to the celestial coordinate frame. 
The celestial system is taken to have a zero point at North -South on 
the sky with angles being measured North through East. The analyzer 
is driven by a stepping motor which has 200 steps per revolution but 
3 :1 reduction gearing makes 600 steps equivalent to one revolution of 
the analyzer. A hardware datum is provided by a microswitch which 
is tripped by a lug on the rim of the rotating analyzer. At the 
beginning of a scan the computer searches for the datum, then steps 
22.50 and integrates successively until 8 positions have been covered. 
After each scan the datum is found again, so the phase of the position 
angles is locked. The software takes the first position as the zero 
point, so e relates that position to North-South on the shy. E .was 
different between December 1979 and the other three runs. In 
December, the position of the analyzer in the polarimeter assembly was 
checked with a second piece of polaroid (Fig, 2,14), The 2nd 
polaroid was suspended so that its fast axis (maximum transmission) 
was vertical. Then the polarimeter was suspended by its North bolt - 
hole, and the rotating analyzer was stepped around until minimum 
transmission was reached. This position labelled East -West for the 
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analyzer and could be interpolated to a precision of better than 1 °. 
Then the angle between that position and the microswitch tripping 
position was measured. By counting stepping motor pulses, this 
could be done accurately to 0.30. From these measurements E = 11.5 °. 
The bolt holes for attaching, the polarimeter were aligned East -West 
to <0.5° and the rotating instrument mount was locked to zero degrees. 
In the reduction software, 
TRUE EMEAS 
+ 110 5 (2.36) 
For subsequent runs the instrument was seated on different bolt 
holes, but the position of the microswitch was unaltered. The only 
difference was that the rotation of the analyzer with respect to the 
sky was reversed (rotating North. through West) giving, 
TRUE 




Errors in any of the instrumental parameters propagate through to 
the final results, so it is important to have a consistent scheme to 
quantify the errors. For the quantities that are only calculated 
once and used throughout the reduction: 
(a) e : The error is a measuring error of 0.5 
0 
and is dominated. by 
the systematic errors: a(a) ti 0.5°. 
(b) 6', w The upper limits on ß' are the same order of magnitude 
as the photon error, and are consistent with 
6'J H K 
- 0 with o(ß') ti ,,
0.4% (photon error) . 
(c) ß An estimate of the precision of ß is the agreement between 
the values measured on the telescope and the values calculated in 
Appendix E: 
6q.0 = 0.02F ß(T) = 0.005 , cs(.L0.> = 0.007. 
(d) ú : Turing a single run on the telescope there is no reason to 
expect the instrumental sensitivity to change. The dewar is kept at 
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liquid nitrogen teaperature and is sometimes pumped solid for the 
duration of a run. It is taken off the telescope only to flash 
the detector, and experience has shown that this does not change the 
sensitivity. The values of S below are a check on the stability of 
the InSb system and weather charge from night to night. For each 




2 K H J 
Run 1 0.40/1.30 0.99/3.16 .`14/5.61 
Run 2 0,74/0.27 2. 41/1. 8 4 4.81/4.78 (in %) 
Ru_n_. 3 0.66/0.63 5.70/7.85 1.09/1.67 
Run 4 2.49/2.62 5.12/2.75 3.88/2.59 
Measurements at K have much less dispersion than at H and J; the 
sensitivity is greatest at K. On the 11th August 1980, the sensitivity 
changed abruptly in all three wavebands by s'25% and there was no obvious 
cause or explanation for this behaviour. The averages for Run 4 ex- 
clude this night. All the changes in S between nights are systeratic; 
they occur ix: the sane sense for all three wavebands. The two ea- 
planations for systematic changes are poor transparency and real vari- 
ations in sensitivity. Either way the photometric measurement only 
refers to the system at the time of measurement; no guess can be made 
as to how S changes between standard. observations. However, an idea 
of the contribution due to transparency changes comes from Table 2.4, 
which shows the repeatability of consecutive scans as a function of the 
photon error of an individual scan. There are virtually no cases where 
the measurement is photon limited. The repeatability can be a diag- 
nostic for sensitivity changes: in Run 1 the second night has a dis- 
crepant sensitivity in Table 2.3 and the repeatability in Table 2.4 
shows that the transparency was poor. Conversely, the sensitivity 
changes during Pun 4 do not show up as large repeatability errors. The 
two scans are usually separated by 'l minute, which is sufficient to 
sample the variations of all but the slowest-moving cirrus. Since the 
two effects (along with any other systematics) cannot be disentangled, 
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the representative error in S for a given night will be taken as 







R or (Sr,fAX 
SP1fIN)/` 
(2.38) 
a(S) is a useful parameter for the photometric precision during 
a run, but the observati.ons will be used to study variability in BL 
Lac objects over longer timescales. The sensitivity changes between 
runs range up to a factor of two, but photometric standards cannot be 
used to check the photoaetry over these timescales because they are 
used to set up the values of S. BL Lacs themselves can vary by 
factors of greater than 2 in several months, so no continuity can be 
expected between consecutive sessions. However, polarimetric 
standards are non -variable and are used across consecutive runs, so 
they can serve as secondary photometric standards. The magnitudes 
the polarinetric standards 
Run Star 
common to two runs 
K H 
are listed. below: 
1 A Psc 3,84 3,87 4,08 
2 X Her 3,13 3,15 3,38 
2 X Psc 3,81 3,87 4.06 
3 X Her 3,19 3.12 3,42 
3 6 Aq1 1067 1.70 2,09 
4 X Her 3.10 3.18 3.46 
4 R Aql 1,58 1,66 2,01 
There is no case in which the disagreement between any two runs 
in any waveband is >10 %, indicating that the large sensitivity changes 
are a real instrumental effect. 
(e) 6, a If the telescope alignment is only carried out once per 
run, the instrumental polarization should be constant during a single 
observing session. For both the degree of polarization and. position 
angle, the r,m.s, deviation and dispersion are, 
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o(0/(3 AX eMIN ii H J 
Run 1 0.03/0.21 0.09/0,37 0.09/0.77 
Run 2 0.19/1.28 0.09/0.43 0.23/1,51 (in %) 
Run 3 0.11/0.69 0,22/1.25 0,20 /1.0.1 
Run 4 0.32/2,4.9 0.56/3,79 0,49/4.41 
o(a) /a AX 
,-a 
P, NIN H H J 
Run 1 1o3/13ß6 0,6/6.5 0,6/5,9 
Run 2 1,3/801 0,5/3.0 0.3/2.2 (in degrees) 
Run 3 0,6/4,0 0.9/4.9 0.7/4.2 
Run 4 1,6/15.4 2,2/J.6.7 1,1/9,0 
In this and the previous section, the r.rm s, error does not re- 
present a true error on an individual observation. Use of root- rean - 
square assumes that the mean represents the best estimate of the true 
value and that the residuals are distributed norrally about the mean. 
The argument used here is that the variations in S,ß and a are real, 
systeratic variations (only in the photon li ited case does the r.m.s. 
ta' -e on any physical meaning). In this context the r,m..s. represents 
a figure of merit for the run, or a degree of consistency. The 
errors adopted for the individual neasures of 8 and a are residuals 
between the value for one night and the i can for an entire run (Table 
2.7). 
a(0 = o(a) =la-aiI (2. 39) 
One of the polarization standards, the 'OJ' Star, is not taken 
from a published list; but is a field star near the EL Lac object 
0J287. It was measured to check for possible magnitude dependent 
instrumental effects, it is q,8 magnitudes fainter than most of the 
standards at 2.2pm. Since the field is unobscured and at medium 
latitude, the 'OJ' Star is likely to have very small interstellar 
polarization. The error on each polarization is q,2% and the result 
is consistent with the other bright star neasurenents of r_ and a. 
Therefore there are no si nificant magnitude dependent contributions 
.,., .í.ï:.L :... ........._.._.... Z. ,.:, 
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(f) Y The standard error in a single determination of y at a 
single position angle is given by error propagation through equation 
(C.23) , 
2 BpC 2 




2 / \2\ 
+62(p) (C24S ) f)2 +(82 
4 )I YS1 (2.40) 
4 :,p8 \p i ) 
where C = cos 2(0 -a) 
S = sin 2(0 -a) 
As mentioned before, both (C.23) and 2.40) are sensitive to the 
value of (0 -a) and the calculation becomes very unreliable as 0 -} a. 
This is purely an artifact of the reduction algorithm, there is no 
physical reason why the exact value of a should be significant. By 
mapping all angles of0, the dependence of the calculation on any other 
angles is removed. The accuracy is determined by the least squares 
fit of a -i.ximoum and a minimum to Figure 2,12; and from equation (2.22), 
?, 2) 
o"(y) =- 7 o2(B_ )+cs2(ß) 
2 1 




From (2.38) and 2.39), 
yl = 0.95 ± 0.08, y2 = 0.94 ± 0008, 13 = 0.95 ± 0.04 
yH = 0.96 ± 0.10, yJ = 0.99 ± 0.09 
(2.42) 
All these values are in good agreement with the physical arguments 
in Appendix D. If y = 0.95 and ß = 3.5%, the retardance is til8° 
which is within the range expected for a reflecting silver film. The 
expected wavelength dependence is not seen, but lies within the errors. 
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There is no evidence for any noticeable change in y between runs, 
although it was not r.. asured at J and F on all three runs. The 
adopted values of y are therefore applied to all the data with the 
dichroic ahead of the analyzer, since they agree to within 1.5o with 
all the measurements of y: 
y, = 0,95 ± 0.07, yH = 1,0 ± 0,10, y1 = 1,0 ± 0,09 
I 
2,3,4 Systematic Effects 
(2,43) 
There are two aspects of the polarimetric throughout of the 
instrument which in principle affect the reduction algorithms, but 
which in practice r.ul be shown to be negligible. 
(a) Birefringence of the _Analyze: In general, a dichroic material 
will also be a birefringent material. Obviously a perfect analyzer 
is not birefringent because only one orielrt:ation of the E vector is 
transmitted, However, at 2.211m the analyzer transmits orthogonal 
beans of radiation, and if the refractive indices in the material. for 
the two ort':. :igonal directions are not identical, the dispersion re- 
lation will lead to a retarclance. The relationship between dichroism 
and birefringence has been calculated. for interstellar grains by 
Shapiro (1975). Birefringence is very important in a.edia with 
different refractive indices for the orthogonal directions of the E 
vector, but similar (usually negligible) absorption coefficients, 
In Polaroid material, the absorption coefficients are larger but bire- 
fringence can be substantial since the long polymers imbedded in the 
Polaroid sheet make it very anisotropie. This is called 'form' 
birefringence, The amount of retardance is highly sensitive to the 
composition and thickness of the HR Polaroid and is impossible to 
accurately predict. If the long polymers are approximated by aligned 
plates then the result of Born and Wolf (195:) will be valid, 
2 2 2 
2 2 
f1f2(n1 -n2) 




where ne and no are the ordinary and extraordinary refractive indices, 
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fl and f2 are the volume -filling factors of the polymer and inter- 
polymer regions, and n1 and n2 are the refractive indices of the two 
regions. The retardance is then given by, 
= -r t 
), 
(ne-no) (2.45) 
where t is the thickness of the Polaroid film (50- 10Cpm). Polaroid 
can not be modelled in such an ideal way and S may be many cycles. 
The retardance due to d.ichroic birefringence is therefore not as +easy 
to evaluate as the retardance due to metallic reflection (Appendix D). 
It is likely that the long -wavelength side of the K band the bire- 
fringence is strong because there is an absorption edge in the 
Polaroid material. Where the absorption coefficient changes 
rapidly, the refractive index will also change rapidly and dispersion 
will be important. The whole class of Peststrahlen filters exists 
to make use of this effect (Driscoll & Vaughan, 1978). Fortunately 
the uncertainty over S does not affect the reduction formulae, because 
as shown. in Appendix F the terms in cos S and. sin 6 drop out of the 
crucial terms in the matrices. The dominant imperfection in the 
analyzer at 2.2pm is the leakiness not the birefringence. 
(b) Circular Polarization in the Source. It has been assumed 
throughout that none of the sources observed have any intrinsic 
circular polarization. A component of V would introduce extra modu- 
lation into the equations in Appendix B. The BN object is known to 
have a small amount of circular polarization at 2.2pm, and the effect 
of this is calculated. in Appendix F. In the configuration with the 
dich.roic ahead of the analyzer, any significant circular polarization 
in the BL Lac objects would lead to systematic errors in the degree 
of linear polarization. Searches for circular polarization in objects 
with high linear polarization (optical) have always been negative 
(Landstreet & Angel, 1972; Nordsieck, 1972; Kemp et al., 1972; 
Maza, 1979). No search has ever revealed circular polarization at 
anywhere near the 1% level. Although not conclusive, this is the 




2.4.1 Derivation and Errors 
All the data was reduced using a least squares algorithm which 
fitted the eight points in a complete scan by a function of the form 
Ik = +a1 cosh, +b1 sin +a cost +b2 sin 20k (2.46) 
All of the experimental parameters and object polarizations can 
be expressed in terms of the coefficients of the two double modulating 
terras cos 2¢k and sin 2Q1k. The coefficients are calculated in 
Appendix G. The terns in cos 
0I, 
and sin pk are included as a ding- 
nostic of systematic errors and the noise in an individual observation. 
The analysis of least squares assumes that the deviation of the 
treasured quantity from its true value follows a Gaussian. distribution. 
A model for the observations is chosen and the parameters are fitted 
to minimize the deviation from that model. The condition of least 
squares is 




Let, vl = Ik - (IC +a1 cos 0k +a2 cos2Pk +b2 sin 20k d lcos1I_) 




It is assumed that the deviation Vk is normally distributed with 
mean zero, and the probability is defined as 
V 
?1 p(abi,a2,b2) = T ()J 
o /2u 
2v (2.50) 
Maximizing this quantity is equivalent to minimizing the sun. of 




al = ñEIJ cos pJ, bl = ñEI3 sin pJ, 
j 
a = 
ñEI . cos 20 ., b = =LEI. sin 20. J J 2 n j J 
Therefore, 
1 2 
V = I - £.IJ- --Ecos fJIJ cos p 
k 
- ñEsin ¢jlJsin 0 
k 
-?Ecos 2p I. cos 20 -?Esir_ 2,01 ï .sin 2Q' 
J J k n J J k 
.51) 
(2,52) 
Vk = II - 
n 







E {1+4 cos2(0J-0 k)+4cos22(0 J-0 k) 
n J=1 
+8cos(JJ-¢I>)cos2(0J-7k)+4cos(t J-Sk)+ncos2(¢J-0k)}QI (2054) 
After summing terms, 
Qv = aÌ(1 - n) 
Therefore, substituting in (2.49) 
2 
ok = I -K2(1+`(P.i+Bi+A2+B2))/3 






ok is the standard error in the mean intensity K. The errors 
in the fitted coefficients A2 and B2 can also be calculated, 
Q 







Equations (2.56), (2.57) and (2.58) define the standard photo - 
metric errors in terras of the fitter': coefficients. Another possible 
source of error in the <? gorithn is computational error. The re- 
duction formulae are complicated enough that it is difficult to 
have an intuitive feel for the correctness of the an;'er. To test 
the self.... or 3 isteny of the algorithm, programmes were written to 
generate test data according to all the experimental set -ups in 
Appendix B. These scans were fed into the appropriate reduction 
formulae in Appendix C. A comprehensive matrix of test data was 
created, with assigned values of the instrumental parameters ß', w, 
ß, a, ß and y. Since the presence of nany trigonometric functions 
can lead. to ambiguity, the test data coverer' 2R rotations in w and 
a and the full range of y, ß, ß and ß' from 0 to 1. The result of 
analyzing this test data was that in no case was the calculated 
A 
parameter in error by more than 1 part in 10-. Double precision 
variables are used throughout the reduction programmes. Therefore 
the computational error has an upper limit of 0.01%. 
The standard errors in polarization and position angle are cal- 
culated according to the two reduction schetes for the analyzer 
before and after the dichroic mirror. For Run i (polaroid before 
dichroic; P -D) , the coefficients A9 and B2 are given by (C.17), 
A2 = 
ß(p ces 28 +8 cos 2a) ß(p sin 28 +ß sin 2n,) 
' B2 = 
(C.17) 
1-(1+ 1-ß2)cos 2(a -8) I= nß(1 +v1 -ß2) cos 2(a -8) 





- ßl , p2 = - 2 
where p cos 28 = pl , ß cos 2a = ßl 







) and 8 = a.retar. (pú/pl) 
(2.,59) 
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For runs 2, 3 and 4 the analyzer was after the dichroic and the 
coefficients A2 and B2 are given by (C.22), 
ß(ß +p cos 2(6 -a)) yp ß sin 2(0 -a) 
E _ 
2 (1 +6p cos 2(0 -a)) A2 (1 +6p cos 2(0 -a)) ' 
giving, 






where p cos 2(6 -a) = pl, 
p sin 2(6 -a) = p2 
2 2 1 
Therefore, p (p1 +^2 ¿ and 0- 1 arctan (p2/p1 ) f C 





(A43ß)i-0_aA2)ßß 2 (A2-ßß)+(ß-ßA1ß 
a2() = 0 - r. 
(ß-ßA2) (1-0A2)2 
2 




2 2 2 (1-6 
2)P2 




Q2(A )+ a 
(p 















0-(P) = Q2 (Pl) ! p j 2 + <3u(P2) p2) 2 





e(0) = radians 
Equations (2.66) , (2.67) and (269) represent the standard 
error in p and 6 calculated in terms of the uncertainties in the 
instrumental parameters and the fitted coefficients A2 and Ú2a There 
is another effect which must be taken into account at low signal -to- 
noise, and which can lead to systematic errors in calculating p and 
6. The problem is equivalent to measuring a. polarization vector 
S = 
e2í6 
in the presence of random, additive noise. Neither the 
amplitude or the phase of the resultant vector S will follow a 
Gaussian distribution, except at large values of signal-to-noise. 
On faint objects, the degree of polarization p will he systematically 
overestimated. This effect has been considered by Vinokur (1965) 
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and Wardle & Kronberg (1974) . If a. signal vector S has random 
2 
Gaussian noise with a variance a" added to it vectorially, the re- 
sultant amplitude is given by 
2 ,2 
P(S') = 




where Io(x) is the modified Bessel function of first order, For 
large signal -to -noise ratios, P(S') tends to a Gaussian centred on 
S' = S with a variance e2, However for low signai -to -noise ("1), 
the most probable value of P(S') is given by the peak in the P(S °) 
distribution. Solving (2,70) for a maximum gives 
2 é S ti 
Assuring 6 





= (ß(P)) p - p =- i 
(2.71) 
(2.72) 
The probability distribution of the phase of S' is also given 
by Vinokur, 
P(6') _ exp (-S2 
s in2(E'-6) Scos(0'-6) /+K S2cos2t8'-0) 
2G2 6 6 
1 -S" cOa4(8'-) 















There is no systeratic error in 0, because P(6') is syr_x etric 
-about 0 = 6'. However, for a signal -to -noise of less than 1.5 
the error in 0 given by equation (2.69) is an underestimate. The 
definition of o(®) used by Wardle and Fronbcrg was 
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8-F6 ( ©) 
P(0')d0' = 0,68 
6-c( 0) 
From their graphical solution, a good approximation of o(0) 
at S /o(S) < 2 is, 




In practice, these corrections apply to only a small fraction 
of the results described here, because the signal -to -noise is 
generally large. The lint on the precision of the data cones from 
sytematic errors, which are discussed in the next section, 
Two types of error can be defined from the preceding analysis. 
The first is a photon error defined by Poisson statistics 
2, 1 2 2 
(a) oi = 
n? 




Note that this is not a real photon error since photons are 
not being individually counted. In the regime where shot noise is 
negligible, op represents the fluctuations in the current from the 
detector due to fluctuations in the arrival rate of photons at the 
detector surface. This is substituted into (2,57) and (2,58) and 
yields the errors described by (2.66) , (2.67) and (2.69). The 
photon errors are designated by o(p) and o(0) . 





i ¿= ° (1--¿ (!1-tri-ß) ) /;; 
K 
This is also substituted into (2,57) and (2,55) and yields 
errors of the same form. The standard errors are designated. by 
(2, 79) 
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as(p) and as(e). Generally, as(p) is larger than a (p) and the 
ratio as (p) /o (p) is plotted for all the observations (Fig, 2.15). 
The larger of the two is always adopted. In this study there is a 
third class of errors which can dominate: the systematic and non- 
normally distributed errors. 
2.4.2 Systematic Errors 
There are several sources of error in the data which are not 
adequately described by an analysis which assures a Gaussian distri- 
bution of errors. These include 
(i) Poor transparency 
(ii_) Bad guiding and imperfect beam profiles 
(iii) Blemishes in the analyzer 
(iv) Movement of the image on the detector (flexure, etc,) 
(y) Scattered light in the photometer 
(vi) Polarization due to the night sky 
Taking the last first, the polarization of night shy can be a 
significant contributor to the measurement of p for a weak source. 
In those cases the flux from the sky is often 102 times that of the 
object, so obviously a small degree of polarization due to the sky 
leads to Stokes parameters Q and U similar in size to those of the 
object. However all of the observations were made in dark time 
or with very little moon. The advantage of star /sky chopping in 
the infrared is that both flux and polarization from the sky are 
stb tracted away from the object signal. Only changes in sky polar- 
ization faster th _ the chopping frequency (6 -8Hz) will be important, 
and these are expected to be negligible. 
Several types of error have the mechanical'modulation period of 
the analyzer, including movement of the image on the detector and 
spurious reflections from the surface of the analyzer. It is a 
general property of polarinieter design that mechanical and polaroid 
rotations should be separated in frequency space. In the expression 
Ik = 1:(1 +A1 cos ÿ1,-1-B sin 0 +A2 cos 29k4-B2 sin2011) (2.60) 
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The coefficients A2 and B2 contain the polarimetric information 
and Al and B1 contain mechanical modulation noise. In a perfect 
polarineter Al = B1 = O. 
Bad guiding can contribute to systematic errors, especially 
when the beam profiles do not have wide, flat tops. If the signal 
is considered to drop off linearly with time due to the object 
wandering out of the aperture, 
I(t) a rat or I(x) = m.(x-a) (2.81) 




;- E a 
n 




where ao =- 1 I (x) dX, an = 1-1(x) cos nxd:í, 
9i 
Tr 
b n =-1 f 1(x) sin nxc3x Tf 
and I(x) = m(x -a) = mx by the Shift Theorem 
. 2.11 1(-1) n-1-1 . I(x) = 
n 
sin n: 








Drift out of the aperture will contribute power to coefficients 
B1, B2, B3, etc., with decreasing power in higher harmonics. Since 
some of the power is in the polarimeter harmonic (2y, it is im- 
possible to deconvolve the polarization component from the drift com- 
ponent. The form of I(x) is simplistic and in general the function 
will have power in the even harmonics (A1, A2, A3, etc.) too. 
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The remaining sources of systematic error will have noise 
power spectra that are difficult to model. There is likely to be 
power in both the OK and 20K harmonics. Harmonics higher than 20k 
are accounted for by the standard err, o 
s 
(p) because it incorporates 
the residuals \4_. given by (2.48) . T'r refore the noise power in the 
first harmonic 0K is likely to be a good diagnostic of systematic 
errors in the data. It most be emphasized that although the noise 
power has a component in the 291H harmonic, it is not possible to 
subtract this power off because the phase is not known. Power in 
the first harmonic does not therefore introduce a bias into 1 ';ut 
characterizes the noise cs(p) . 6(p) is assumed to be orientated 
randomly in phase, but not with a Gaussian amplitude distribution, 
ac(p) is the third type of error used in this treatment and is called 
the characteristic error. 
4+B 
a (p) = (° 2-) (2.84) 
a 
c 
(p) is usually the largest of the three errors: c(p), 
as(p) and a 
c 
(p) and in each case the largest of the three is adopted 
as the probable error of an observation. The distribution of oc(p)/ 
a 
s 
(p) is shown in Figure 2,16; there is a tail of very noisy points 
which represents observations where the systematic errors due to 
guiding or thin cirrus have swamped the polarization signal. If the 
magnitude distribution of the objects with a given ac(p) is plotted 
(Figs. 2.17 - 2.19) , the noisy tail corresponds to observations of 
faint objects. This argues against a large component of ac(p) being 
due to transparency variations, because a magnitude independent diagram 
would be produced. The form of Figure 2.17 indicates that oc(p) is 
primarily a signal -to -noise effect. There is a very sharp blow --up 
of errors at the faint end of the distribution, and some observations 
rust be discarded because the signal -to -noise is so poor. However 
for the rest, the relative values of a (p) , as(p) and a c 
(p) give a 
highest value which is adopted in the results. 
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2.4.3 Reduction Programs 
On -line reduction of the telescope allowed p and © to be cal- 
culated at the ene. of each observation. Instrumental pa.rate ers 
were written to a disc file and could be called b ̂ cc, edited, over- 
written or used to reduce an observation. Each data file consists 
of eight intensities corre-- nonding to the eight positions of the 
analyzer, and housekeeping information such as the object name, data, 
waveband, and voltage setting on the preamplifier. Al"! this in- 
formation, along with the Universal Time, was logged on a lineprinter 
as observations were being made. The third record was the chart 
recorder output, which was annotated with the weather conditions, 
integration tires, chopping frequency ana throw, and bear positions 
A single scan consists of eight integrations (usually ten seconds per 
point) , and a typical observation consists of several scans coadded. 
A series of interactive programs was built up to fully reduce 
the data. Subroutines took the data from a standard observation, 
and calculated an instrumental parameter which was stored in an array. 
When the full set of instrumental parameters for that night was 
determined, the BL Lac files were reduced. There was a facility to 
examine, edit and coadd each individual file. The edit facility was 
used on the occasions when a noise spike in the detector corrupted 
a point in a scan. This cculd be diagnosed from the stripchart and 
the discrepant point was removed; it was rare for this to happen 
more than once per observation. BL Lac object files were always 
reduced using the instrumental parameters acquired on that night. 
The reduction procedure is shown in flowchart form in Figure 2.5 and 
is summarized below: 
(a) The instrumental parameters for a given night were calculated. 
13 and a were determined by observing an unpolarized star, y 
by measuring a source of known polarization and position 
angle, and S by observing a photometric standard. 
(b) p and e viere deduced using the reduction formulae appropriate 




The errors o(p, 0) , o s (p, 0) and o c (p, 0) were calculated 














































































































































































































































































































































































































































































































































































TABLE 2.2 Ph'.:tometric and Polarimetric Standard Stars 
Photometric 




































BS 4550 llh 50 
BS 4689 12 17 
ES 5447 14 32 
BS 6147 16 28 
DS 8143 21 15 
BS 8278 21 38 


















107 Psc 01h 41.2' +200 10' 5,2 Kl iV 
X Ori 05 52,9 +20 16 4, 4 CO V 
A Psc OL 06.3 +21 39 5.4 G2 IV 
X Her 15 51.9 +42 30 4,6 F9 V 
Aq l 19 54.1 +06 20 3.7 G8 IV 
i Peg 22 05.9 +25 13 3.8 F5 V 
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TABLE 2, 3 Instrumental Sensitivity 
Sensitivity (X 10 
-7 
) 
Date Star Name K H J 
Run 1 
16 -12 -79 CIT 4550 3,532 2,297 1,699 P 
19 -12 -79 CIT 4550 3,625 2.24 - P 
20 -12 -79 X Ori 3.552 2,271 1,642 S 
21- 31-79 107 Psc 3,559 2,419 1,837 S 
i 
22 -12 -79 CIT 4689 3.554 2,313 1,730 P 
Run. 2 
18 -04 -80 a Psc 3,822 2,611 1,993 S 
20 -04 -80 CIT 6147 3,824 2,591 2,192 P 
21 -04 -80 CIT 4550 3,850 2.688 2,053 P 
Run 3 
09-07-80 BS 8551 2,208 1.663 1,294 P 
10-07-80 CIT 5447 2,221 1,540 1,328 P 
11-07-80 BS 8278 2.23e 1,421. 1,338 P 
Run 4' 
09 -08 -80 CIT 8143 6,021 3,909 2,803 P 
10 -08 -80 CIT 8143 5,879 3,856 2,791 P 
11 -08 -80 CIT 8143 6,195 3,700 2,939 P 
12 -08 -80 CIT 8143 4,502 3,134 2,103 P 
P indicates primary standard 
S indicates secondary standard 
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TABLE 2.4 Scan Repeatability 
Date Star Name 
Repeatability/Photon 
Error ( ó) 
J K H 
Run 1 
18 -12 -79 CIT 4550 1.05/0.45 J.42/1.16 2.01/0.88 
19 -12 -79 A Psc 2,52/0.40 2.49/0.32 2.98/0.87 
20 -12 -79 107 Psc 1,28/0.89 - - 
21 -12 -79 107 Psc 0.70 /0.87 2.53/0.73 1.68/0.77 
22 -12 -79 107 Psc 0.52/0.27 - - 
Run 2 
18 -04 -80 X Psc 1.81/0.36 4.32/0.95 1.80/0.96 
20 -04 -80 CIT 6147 -0.18/0.18 0.01/0.15 7.55/0.16 
21 -04 -80 CIT 4550 1.76/0.47 2.63/0.20 1.51/0.43 
Run 3 
09 -07 -80 138 8551 0.64/0.28 0.95/0.25 0.36/0.29 
3.0 -07 -80 CIT 5447 0.49/0.74 2.51/0.62 - 
11 -07 -80 BS 8278 0.45/0.60 0.67/0,50 - 
Run 4 
09 -08 -80 CIT 8143 0.70/0.44 0.16/0.36 0.14/0.99 
10 -08 -80 CIT 8143 0.66/0.42 0.55/0.37 0.33/0.95 
3.1 -08 -80 CIT 8143 2.21/0.25 0.29/0.20 4.42/0.56 
12 -08 -80 CIT 8143 1.39/0.38 0.25/0.32 0.16/0.86 
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TABLE 2, 5 Errors in S 
Date Sta._-: Name K 
a( S) (in %) 
J H 
Run 1 CIT 4550 0,91 1,00 1.62 P 
19 -12 -79 CIT 4550 1,70 0.72 - P 
20 -12 -79 X Ori 0,35 2.15 4,92 S 
21 -12 -79 107 Pse 0,15 4,23 6,37 S 
22 -12 -79 CIT 4689 0,29 0,34 0,17 P 
Pun 2 
18 -04 -80 ) Psc 0,26 0,71 4,15 S 
20 -04 -80 CIT 6147 0,21 1,47 5,42 P 
21 -04 -80 CIT 4550 0,47 2,22 1,27 P 
'Run 3 
09-07--30 BS 8551 0,62 7,90 1,97 P 
10-07-80 CIT 5447 0,03 0,00 0,61 P 
11-07-80 BS 8278 0,65 7,80 1,36 P 
Run 4 
09-08-30 CIT 8143 6,58 7,10 5,42 P 
10-08-80 CIT 8143 4,07 5,65 4,96 P 
11-08-80 CIT 8143 9,66 1,38 10,53 P 
12-08-80 CIT 8143 20,31 14,13 20,91 P 
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TABLE 2.6 Instrumental Polarization 
Star Na me Po.iw°i^szt icn (%)/Position Angle (°) Date 
K II J 
Run 1 
18 -12 -79 Psc 2019/E0.2 2,82/84,4 3,50/87,2 
].8 -12 -79 CIT 4550 2.02/87.1 2.45/88.4 3,47/90.2 
19 -12 -79 A Psc 1.90/84.6 3.09/88,7 3,40/89.3 
19 -12 -79 '0J' Star 4,05/87,6 4.26/83.2 4.47 /87.6 
19-12-79 CIT 4550 1,99/88.8 2,55/86,7 3.60/89.4 
20 -12 -79 X Ori 1,92/93.3 2,51/0.0 3.46/87.7 
21 -12 -79 107 Psc 1.94/93.8 2.18/85.7 4.23/93.1 
22 -12 -79 CIT 4689 2.11/85.9 2.53/86.7 3.81/87.4 
22 -12 -79 X Ori 2.04/86.0 2.40/90.9 3.56/87.7 
Run 2 
18 -04 -80 A Psc 3.65/32.4 4.16/82.7 6.97/81.7 
20-04-80 X Her 3.45/81.8 4.55/80.8 6.06/8l. 3 
20 -04 -80 CIT 6147 3.54/80.6 4.57/83.6 5.46/82.4 
21 -04 -80 X Her 4.44/74.3 4.14/83.3 5.76/80.8 
21 -04 -80 CIT 4550 3.16/77.5 !.61/83.8 
Run 3 
09 -07 -80 X Her 3,86/80.8 4.87/82.0 6,13/78.2 
09 -07 -80 BS 8551 3,20/84,13 3.64/83.5 5.65/82.2 
10-07-80 3,47/81,4 4.82/S3.9 6.66/82,4 
].0 -07 -80 CIT 5447 3.17/82.1 4,89/79,2 5.32/81.3 
11-07-80. BS 6278 3,58/82.8 4.92/79,0 
Rum 4 
09 -03-80 X Her 3.51/82.6 6.19/83.2 7.57/79.0 
09-08-80 CIT 3143 3,65/85,8 5.28/83.5 6,93/81.8 
10-08-80 Aql 1.58/89.1 1.49/66.8 3,16/80.7 
10-08-20 CIT 8143 4.02/78.8 4.62/86.8 6.70/76.4 
11 -08 -80 i Peg 3,78/20.5 4.79/81.5 7.18/22.1 
11-08-80 CIT 8143 3.1.0/77.1 2.52/53.3 6.10/73.1 
]2.08 -SO X Her 2.67/73.7 2.82/79.8 5.39/82.0 
12 -02 -80 CIT 8143 1.53/83.5 2.26/20.1 4.71/80.1 
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TABLE 207 Errors in , a 
U(Q) /(í(c!) in (%) /t °i 
Date Star N1ga K H J 
Run i 
18 -12 -79 X Psc 0018/703 0,25/3.5 0.13/106 P 
18 -12 -79 CIT 4550 000//004 0012/0.5 0016/1.4 S 
19 -12 -79 X Psc 0.11/209 0.52/0.8 0.23/0.5 P 
19 -12 -79 'OJ' Star 2.02/001 1069/0.3 0.84/102 S 
19 -12 -79 CIT 4550 0.02/1.3 0.02/1.2 0.10/006 S 
20 -12 -79 X Ori 0.09/508 0.06/2.1 0004/101 P 
21 -12 -79 107 Psc 0.07/603 0.39/008 0073/4.3 P 
22 -12 -79 CIT 4669 0010/1.6 0004/0.8 0.31/104 S 
22 -12 -79 X Ori 0003/105 0.17/300 0.06/101 P 
Run 2 
18 -04 -80 A Psc 0000/301. 0,25/1.0 0010/004 P 
20- 04-80 X Her 0020/205 0014/209 0001/000 P 
20 -04 -80 CIT 6147 0011/103 0016/001 0061/1.1 S 
21 -04 -80 X Her 0079/500 0027/004 0,31/0.5 P 
21 -04 -30 CIT 4550 0050/108 0.20/001 0002/101 S 
Run 2 
09 -07 -S0 X Her 0040/1.6 0.24/0.5 0019/208 P 
09 -07 -20 BS S551 0026/204 0099/2.0 0029/102 S 
10-07-30 Acri 0.01 /1.0 0.19/204 0.72/104 P 
10 -07 -30 CIT 5447 0.29/0.3 0.26/2.3 0.62/0.3 S 
11 -07 -80 BS 8278 0.12/0.4 0.29/2.5 - S 
Run 4 
09-08-30 X Her 0.53/1.2 2044/300 2060/0.4 P 
09-03--80 CIT 8143 0.67/404 1053/303 1.01/204 S 
10-08-20 ß A>31 1040/707 2026/13.4: 2.81/1.3 P 
10-08--30 CIT 8143 1004/206 0.87/606 0.73/300 S 
11-08-S0 i Peg 0050/009 1004/1.3 1,21/207 P 
11-08-::0 CIT 8143 0.12/403 1.23/26.9 0013/603 S 
]2-08-80 X Her 0031/7.7 0.93/004 0.58/206 P 
12-0:3-80 CIT 3143 1045/201 1,49/0,1 1,26/0.7 S 
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TABLE 2o6 Instrumental Parameters 
Star Name Test Waveband Result Date 
09-07-80 BS 8551 00-900 Ii ú<0,30M 
09-07-30 BS 8551 00-900 II = 0,20q 
09-07-20 BS 8551 00-900 J G= 0.31% 
21-04-GO CIT 6147 D-P-P K ß= 0.281 ± 0.025 
21 -04 -80 CIT 6147 D-P-P H E= 0.994 ± 0.005 
21 -04 -80 CIT 6147 D -P -P J P__ 0.991 ± 0.007 
20-04-30 RN Object Y> y= 0.757 ± 0.15, 
p = 16.2% 
20-04-30 BN Object II Y= 1.07 ± 0.12, 
p = 39.5% 
21-04-30 X Her P-L-P K y= 0.9E ± 0.09 
10-07-30 0 Aql P-D-P K Y1 0.95,Y2=0.94,Y3=0>95 
H,J TH= 0,96,yJ=0.99 
09-08-80 CIT 3143 P-P-D-P K Y= 0,94 ± 0,05 
H,J YIs 1,10 ± 0.11, 
YJ=1,ol 
± 0.13 
1.8 -12 -80 Lab Position Angle - c= 11,5° 














PoliÌ arirneier (B) 
Dichroic Mirror 
Figure 2.1 Schematic lay -out of the instrument. 
Polarimeter position (A) corresponds to the instrument 
during Run 1 (Dec.,1979). Polarimeter position (B) 
corresponds to the instrument during Runs 2,3,4 (April, 
July,August, 1980). 
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Figure 2.2 Circuit diagram of cooled preamplifier for InSb detector. 
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The orientation of the polarization ellipse relative 
to a Cartesian coordinate system. The sense of rotation 
of the E vector is clockwise (Ea =Ipcos , Eb= Ipsin). 
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a p ) P 
Reduced Data 
Figure 2.5 Schematic diagram of the data reduction procedure. 



















Figure 2.6 Instrumental sensitivity at K (2.2pm). The error bars 
are taken from the scan repeatability measurements. A 

















Instrumental sensitivity at II (1.65pm). The error bars 
are taken from scan repeatability measurements. A 1% 
error is also shown. 
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Instrumental sensitivity at J (1.25pm). 
The error bars 
are taken from scan repeatability 
measurements. A 1%, 
error bar is also shown. 
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Instrumental polarization at K (2.2}_ím). All measures 
of 13 and a are shown, from photometric and polarimetric 
standards. 
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Figure 2.10 Instrumental polarization at H (1.65pm). All measures 










Instrumental polarization at J (1.2511m). All measures 

























Figure 2.12 Fitted parameters A2, B2 and y plotted against position 
angle of polarized source (in this case - HR Polaroid). 
There is a discontinuity at B2 =0, corresponding to 
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`.0 ) ("^ 
Figure 2.13 Fitted parameters A2, S2 and y plotted against position 
angle of polarized source. Smooth curves are fit to data 
fron Run 3 (figure 2.12), dots are data points. 
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Crossed polaroid test to define , the angle relating 
polaroid fast axis to celestial coordinate system. 
is determined to a precision of cl( ) <l0. 
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Figure 2.15 Histogram of the ratio of photon to standard errors 











Histogram of the ratio 
errors for polarization 
of 15 observations with 
o ¡p 
/c)5P} 
,_ , ..-..,:...-.. : 
4 
of characteristic to standard 
observations. There is a tail 
a (p) /a (P) >5. 
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Distribution of characteristic error with K magnitude. 
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Figure 2.18 Distribution of characteristic error with H magnitude. 






















Distribution of characteristic noise with J magnitude. 
cSc (p) corn- ...;ponds roughly to polarization noise. 
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CHAPTER THREE 
In this Chapter the results are listed, and the observations 
of individual objects ere discussed, The Chapter starts with a 
discussion of signal -to -noise in the polarimetric observations. 
Between December 1979 and August 1980, 17 BL Lac objects were observed. 
Photometry was obtained for all of these objects, and polarimetry 
for 13 of them. Five other sources (0048 -097, 0109 +220, 0219 +428, 
0818 -128 and 2254 +074) were observed, but found to be too faint for 
reliable photometry. Al]. data were obtained in the J, H and K 
photometric wavebands. 
3.1 Signal-to-Noise 
The detection of polarization is a function of both the in- 
tensity and degree of polarization of the source. A highly polar- 
ized source is always easier to measure than a weakly polarized 
source of the sane intensity. The degree of polarization is a 
dimensionless quantity, calculated by a differential measurement and 
does not require an absolute calibration of the intensity. The aim 
of this project was to detect the high degrees of polarization that 
are a characteristic of BL Lac objects. 
The derivation of errors has been treated in Chapter Two. To 
calculate a signal -to -noise parameter for each observation, another 
quantity was calculated from the raw data. It is the iìird harmonic 
of the 8 point scan and is defined by coefficients Ay and B3, where 
Iy K(1+AlcosO K+Blsin.¢K +A2cos293F+F2sin2p y+A3cos3p K+B3sin3p F) 
in analogy with equation (2.69) 
(3.1) 
The third harmonic has no physical significance, but power in 
A 
S 
and B3 represents noise, imperfections in the polarimeter, and the 
same systematic errors which contribute to Al and Br The third 
harmonic plays no part in the formal error analysis, because it is 
not modelled in equations (2.69) and on. For "well -behaved" data, 
it would be expected that 
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x 
(Al+I3 ) > (A3+B3) 
i.e, that the power spectrum converges at higher frequencies. 
Therefore the signal -to -noise for an observation has been defined 
as 
S 










This quantity is not as simple as the signal due to polari- 
zation of the object divided by the noise (systematic, photon, etc,) 
signal, because the coefficients A2 and B2 contain the instrumental 
polarization as well as the object polarization. However, ß is 
determined quite accurately (to ti0.3 %), so the vector sum ß +a is 
dominated by the uncertainty in p and A2 and B2 are good measures of 
p. The observations form a continuous distribution of (S/N), frog: 
cases where the signal is buried in the noise (S/N < 1) to cases of 
bright objects with high polarizations (S /N > 100). A low (S /N) can 
be caused by low polarization, faint object, poor transparency or 
many other effects, therefore (S /N) is a good measure of the reli- 
ability of an observation. Because of the imperfect nature of the 
polarimeter and the effects of thin cloud on some of the data, polar - 
imetric data was discarded if either of the following held, 
2 
(S/N) < 5 or (A3+B) > (Ai+Bi)z (3.4) 
Figure 3.1 shows that ti4% of the observaticns were considered 
of too low signal -to -noise to calculate a polarizaticn. This is not 
surprising because polarimetry of BL Lac objects pushes against the 
limits of the UKIRT In$b system. It can be seen in Figures 2.17 - 
2.10 that the errors increase drastically beyond a certain flux level, 
and the large number of observations with (S /N) < 5 in Figure 3.1 is 
just a reflection of this fact. If the measurements of faint objects 
are photon limited, then a longer integration time should increase 
(S/N). The longest integration used was ,.30 minutes, and it was 
felt that after that the contribution of errors in guiding could become 
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important. Therefore the effective magnitude limit for polari- 
metry had to be accepted. Note that the limiting magnitude for 
photometry is not nearly so severe. Figure 3.2 illustrates the 
effect of signal -to- noise; the signal coefficients (A2, B2) and 
noise coefficients (Al, Bl) are shown for each individual scan and 
for the coadded totals in an observation. In the lower example, 
- although the scatter in Al and El is similar to the top case, the 
polarization signal is considerably stronger and the signal-to-noise 
is improved. 
An important question is whether poor transparency can mimic 
high polarization in a faint object. In that case, some observations 
with large (S /N) would actually represent bad measurements. The 
worst contamination due to cirrus and the largest dispersion in the 
night -to -night values of instrumental parameters occurred. during 
Run 4 in August 1950. By the criterion of equation (3.4) only 1 
out of 29 observations has a large enough (S /N) for a polarization 
to be deduced. Undoubtedly, the quiescent state of the KL Lacs 
observed in August also had something to do with this low acceptance 
rate. By contrast, in December 1979 when the sky was excellent and 
several of the BL Lacs highly polarized, the (S /N) ratios were much 
higher. Therefore, (S/N) is a good reliability figure and when 
looking through the individual observations, there was no case when 
the instrumental parameters were bad but the (S/N) factor indicated 
a good measurement. 
3.2. Fesults 
There are approximately SO BL Lac objects in the literature, 
although the number is increasing rapidly and the demarcations bet- 
ween quasars And BL Lac objects are being broken down. The objects 
in this sample are all confirmed BL Lacs in the sense that they have 
two or more of the defining properties of the class: non- thermal 
continuum, infrared excess, rapid or large amplitude variability and 
a high and variable degree of optical polarization The objects 
were chosen where possible to have stellar images and large redshifts, 
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with the aim of setting up a data -base for a subset of the r_most 
extreme sources. The known BL Lac objects are a very heterogenous 
sample, so no attempt at completeness was possible. A practical 
consideration that dominated the selection was that the sources 
had to be bright enough in the near -infrared for polarimetry. The 
sample is listed in Table 3.1; 
Nearly all of the sample have published optical polarizations, 
but only four (0735 +178, 0754 +101, 0851 +202, and 1641+399) have 
published infrared polarimetry (Table 3.2) . This work doubles the 
number of BL Lac objects whose infrared polarization has been 
monitored. Apart from expanding the sample, this work investigates 
the wavelength dependence of polarization between the ?, H and Ii 
bands and probes the variability of these sources from timescales 
of 1 day to several months. Of the 13 BL Lacs studied polari- 
metrically, 9 were observed in more than one waveband and 10 were 
monitored on more than one night. The reduced data with appropriate 
errors are given in Table 3.3 and Table 3.4 Table 3.3 lists all the 
polartmetr1c measurements, including the photometry derived from the 
s2ne measurement. Table 3.4 lists the flux measurements for all the 
sources; including the observations in Table 3.3 but with extra 
photometric observations in cases where (S/N) < 5 but the photometry 
was still reliable. Several features are obvious in the data as a 
whole. First, the tendency for EL Lac objects to have high and 
variable linear polarization on all timescales is confirmed. 9 out 
of the 13 BL Lacs with polarimetry have values >10 %, ranging *._p to 
r,35% for AO 0235 +164. The changes in degree of polarizaticn are 
often quite rapid; in 4 cases changes of ti5% were seen between 
successive nights. Wavelength dependence of polarization is seen 
in 2 of the sources, with the degree increasing towards shorter 
wavelengths. This was not previously thought to be a common 
characteristic of BL Lac objects. Several examples of position 
angle rotation with time and wavelength were observed. One of the. 
most interesting features of the data is the relationship between 
polarization and flux; this will be discussed in rore detail later 
in the chapter. Results for the individual objects are now discussed. 
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3.3 Details of the Observations 
3.3.1 0235 + 164 
L e Axtcebo Occultation source 0235 +164 is one of the most 
spectacular examples of a high luminosity BL Lac object, known to 
be both an optical and radio variable (Spinrad & Smith, 1975) . 
The emission lines are very weak, but two absorption line redshifts 
have been detected at z= 0.524 and z = 0.852 (Rieke et al. , 1976; 
Burbidge et'al., 1976), and 21cm absorption has been detected in 
the lower redshift system (Roberts et'al., 1976). recent observ- 
ations indicate that the 21cm absorption is variable (Wolfe, 1980) . 
The source underwent a 5 magnitude outburst in 1975, and rose to the 
sere flux level in 1979 (Pica et al. , 1980a). On both occasions 
there was evidence for correlated radio /optical activity (Ledden et 
al., 1976; Balonek & Dent, 1980) . Large and variable optical 
polarization has been observed in AO 0235 +164, with a range of 5_ 
26% (Rieke et'al., 1976; Angel Fc Stockman, 1980). In ]975, the 
radio polarization position angle showed an extraordinary linear 
rotation of 1300 during a sequence of otherwise stochastic variations 
(Ledden R. Aller, 1979). The rotation occurred at two radin fre- 
quencies, and the lack of any differential rotation rules out 
Faraday rotation as causing the effect. No infrared polarinetry 
of this object has been published. 
Figure 3.3a shows that AO 0235 +164 has large and variable 
polarization at 2.241m. In December, the object underwent a polari- 
zation burst during which the 2.2um polarization rose from 17.5 %, to 
28.7% and fell by a factor of two in 24 hours. At its peak the E 
(1.65pm) polarization was 34.6 %, the largest infrared polarization 
yet observed in a BL Lac object. Over five nights, there is evi- 
dence for a position angle rotation of ti300 End the rotation is 
present in all three wavebands. The infrared flux during the 
December burst was 2 x 1048ergs s- 1,which is one of the highest 
luminosities observed in any extragalactic object. Simultaneous 
optical polarinetry during this period was obtained by S. Tapia at 
Steward Observatory and the results from 0.4pm to 2.2pm are contained 
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in the paper ('A Polarization Burst in the BL Lac AO 0235 +164' 
by C.D. Impey, P.W.J.L, Brand and S. Tapia - paper submitted to 
M.N.R.A. S,) . One significant result concerning the calibration 
is the continuity of flux, degree of polarization and position 
angle between observations at different Observatories using differ- 
ent instruments. By July 1980, the 2.2um flux had fallen by more 
than a factor of two from its peak in December and the polarization 
was at "l7 %. One month later, the polarization was still quiescent 
at "15 %, but the flux had risen up to December levels, Throughout 
the observations, the position angle spanned a range of ti80 °4 The 
data show wavelength dependence of polarization with the degree of 
polarization increasing towards shorter wavelengths, a trend. verified 
by the optical data. The relevance of these observations to con- 
ventional synchrotron explanations for these sources is discussed 
in Chapter Four. 
3.3.2 0306 + 103 
0306 +103 was found to bean optical variable with a featureless 
spectrum. by Leacock et al. (1976). Subsequently it has been shown 
to have an archival variability of AmB> 5.0 magnitudes, making it 
one of the most variable BL Lac candidates known (Miller, 1977). 
The single infrared measurement shows it to have no detectable polar- 
ization, but polarization in BL Lac objects is often episodic, so 
repeated measurements are needed. Given the general correlation 
between variability and. polarization (Stein et al., 1976) , it would 
be surprising if no degree of polarization was detected in this 
source. 
303.3 0725 ,- 178 
This object was shown to have an absorption redshift of z= 
0.424 and high and variable optical polarization by Carswell et a7 
(1974). The polarization varied between 10-31% on a timescale of 
less than a week, with position angle ranging between 0° and 600, . 
Other optical pol.ariretry is presented by Angel et al. (1978) , 
Nordsieck (1978) and Puscheïl and Stein (1980) and the monitoring 
of Angel et al. shows moderate stability around p ti 22% compared with 
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the wild fluctuations of previous data, The only infrared neasure- 
r,;ent was by Rieke et al. (1977) who obtained p(2.2um) = 18.5% @ 
1640. The data in Figure 3.3b show that 0735 +173 was remarkably 
stable in polarization and position angle during December, though 
there were significant changes in flux. Such a high level of 
quiescent polarization is considered unusual behaviour in a BL Lac 
object. In April 1980, however, the polarization was higher and 
varied by 'u5% between successive nights. 0735 +17S also shows infra- 
red polarization which increases towards shorter wavelengths, and 
this effect is discussed in terms of Nordsieck's (1976) synchrotron 
model for BL Lac objects in Chapter Four. 
3.3..4 0754 + 101 
Optical polarimetry for this source shows a range of 3 -26 %, 
including a change from 25% to 12% on successive nights (Tapia et 
al., 1977; Craine et al. , 1978) . The rapid, variable polarization 
was confirmed by Angel et al. (1978) , who observed a change froc 5% 
to 10% in only 4 hours. This is the most rapid change to be re- 
liably observed in any BL Lac objects and sets stringent limits on 
the source emitting volume. Large and variable (4 -14 %) infrared 
polarization has also been published for 01090.4 (Puschell & Stein, 
1980; Rieke et al., 1977) , including evidence for a position angle 
rotation between the visible and the infrared. This was the first 
such rotation to be discovered, and clearly 0I090.4 is an unusual 
and important object. The infrared data presented here shows a 
smooth increase over four nights from 2.3% to 8.8 %. Apart from the 
first point which is noisy, the position angle is steady. However, 
as the polarization increases, the total flux decreases by "30 %. 
There are two night observations at H (1.65pm) and the effect is 
repeated there. The changes may indicate dilution between a polar- 
ized and an unpolarized component in the source. The relationship 
between polarization and flux changes in BL Lac objects is important, 
and will be discussed later in Chapter Three. There is no indi- 
cation of strong wavelength dependent polarization in this source. 
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3.3.5 051 -}- 202 
03287 is one of the most rapidly variable BL Lac objects known. 
With a tentative emission line redshift of z = 0.205 (Miller et al., 
1978b),this source has shown evidence of large amplitude (LB > 4,Onag) 
and rapid (4t < 1 hour) variability at radio, infrared and optical 
wavelengths. There have been four large outbursts with timescales 
of several months (Visvana.than & Elliot, 1973) , and observations of 
variability of a few tenths of a magnitude per day (Veron & Veron, 
1975). An unconfirmed observation cites large amplitude (Am 'L 0,5) 
infrared variability on a timescale of minutes (Wolsten croft et al., 
1980), but there are quiescent periods when the flux density is steady 
(Kiplinger, 1974) . Many observers have made polarimet ic méasu;'_-- 
rûents of 03287. The radio polarization at 8GHz has been up to '1,15%, 
the highest observed in the integrated radio radiation aar an extra- 
galactic object (Aller & Ledden, 1978), The optical polarization has 
varied between 1% and 29% ( Ragen- Thorn, 1972; Kikuchi et al., 1976; 
Kinman et al., 1974; Kinman, 1976, 1978; Strittrzatter et al,, 1972; 
Nordsieck, 1972; Williams et al., 1972) . The monitoring of Angel 
et al., (1978) shows smooth variations from night to night with 
occasional abrupt changes in position angle. The position angle 
is generally stable at ti30 °, but during an outburst in 1971 -2 it 
varied wildly (Visvanathan, 1974). Before 1973, 03287 showed. no 
signs of correlated. radio, infrared and optical emission (Rieke & 
Kinman, 1974; Epstein et al., 1972) , but the nature of the radio 
source changed in 1973 -4 and since then there is good evidence for 
correlated radio /optical radiation (Ledden et al., 1976; Po: phrey et 
al., 1976). The only infrared tceasurerents are by Rudnick et al. 
(1978) and Puschell and Stein (1980) who obtained values at 2,2um of 
17% and 11% respectively, both with errors of ti5 %. 
0J287 was monitored for 5 nights in December in the J, R and K 
bands. The polarimetry shows a smooth increase at 2.2urn from ti5% 
toti10 %. The flux is depressed on the 4th night but shows no large 
changes. For the first four nights the mean position angle agrees 
well (90-95°) with previous measurements, but on the fifth night there 
0 
is a rotation of n.,20 similar to the sudden changes seen by Angel et 
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al. (1978). The rotation occurs with similar sense and amplitude 
in all three wavebands, This is the largest position angle 
rotation between nights to be confirmed in more than one waveband., 
Four months later, the infrared flux changed by '1,50% between succes- 
sive nights with no appreciable change in the degree of polarization. 
Both p add e were near the December levels. 0,1287 is characterized 
by sudden changes superimposed on smoothly varying flux and polari- 
zation (Fig. 3.3c). 
3.3.6 0912 + 297 
This source was identified by Wills and Wills (1976) , and was 
found to have a range of polarizaticn from 0-13% by Kinman (1976) , 
The maximum radio polarization of 14.7 %, is one of the highest seen 
in any FL Lac object (Wardle, 1978). When observed in April the 
object was too faint (K ti 12.7) for a reliable measure of polarization; 
but from signal -to -noise considerations it is clear that the object 
was not in a phase of high (p > 5%) infrared polarization, 
3,3,7 1147 + 245 
1147 +245 was also first identified by Wills and Wills (1976) 
and has no published redshift. Polarimetry by Kinman (1076), 
Serkowski and Tapia (1975) and Angel et al. (1978) shows it to have 
a range of 1.5-13% with wide variations in position anngle. Two 
measurers .lts in April give a polarization of 10 -15% at a position 
angle rx.110°. Over a three night period, the 2.2pm fl= increased 
by 15%. 
3.3.8 1308 + 326 
The Bologna radio source B21308 +326 has absorption line red- 
shifts at z = 0.996 and z = 0.879 (Miller et al., 1978) and is a 
compact, flat spectrum radio source with strong bursts of radio and 
optical erission. At its brightest, 130E +326 was one of the most 
optically luminous objects in the universe (Lillor, 1976) , Puschell 
et. al. (1979) report optical polarinetry with variations on a time - 
scale of '1)15 minutes. They also present two observations at 2,2Úm 
of n % and TC but in the latter erse this is n 
Tour cb y- 
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average. Moore et al. (1980) also give polarimetry obtained 
during the outburst in the spring of 1978, but do not find varia- 
tion from hour to hour. They find the optical and infrared polar- 
izations to be correlated; the optical points range from 0 -25% 
and the three infrared points go from <4% to 17 %. 
Observations in Decerber confirm the rapid variability found 
by other investigators. The 2.2pra polarization fell by 12% in 
two nights, then rose again by 6% in the next 24 hours. During 
the first change the flux fell by 40% but during the subsequent 
polarization rise the flux was nearly constant. Highly variable 
polarization is typical behaviour for this object. By April the 
2.2pmn flux had fallen by nearly two magnitudes from its December 
peak and the source had dipped below the polarization detection 
l.ilnit of the instrument. However, in July there was another rapid 
optical flare (Wisneiwski - et al. , l90) with a peak near July 4th 
and changes of AB ti 0.9m in 24 hours. On July 10th, the flux in 
the infrared was v5mJy and the polarization was ti8 %. The position 
angle had rotated by fully 900 since the Decerber Treasures. This 
is obviously an extremely interesting object to monitor on all time - 
scales (Fig. 3.3d) . 
3.3.9 1400 + 162 
1400 +162 is one of only two BL Lac objects known to have classic 
double lobe radio structure (the other is 3C390.3). There is a 
weak emission line redshift of z = 0,245 and the properties have been 
discussed by Baldwin et al. (1977) . Optical polarimetry in the same 
paper shows a polarization of 10 -14% at 80 -100o, which is about 150 
away from the position angle of the double lobe structure. In April, 
1980 the source was too faint for infrared polarimetry, having a I, 
magnitude of '14.1 which is 0.6 magnitudes fainter than the flux 
given in the Baldwin paper. 
3J.10 1.418 + 546 
0ß530 was confirmed as a BL Lac object by Craine 
who found high polarization in a photographic survey, 
cbtained photoelectric measures in the range 19%. 
et al. (1978) 
and subsequently 
Pus chell and 
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Stein (1980) measured weaker optical polarization of 2 -8%. Miller 
(197?.) found that the object, a flat spectrum Chio radio source, 
h...1 an archival variability of AB 1, 4.8m on photographic plates 
with variability on timescales from days to years. In April, the 
polarizations at K and H were both found to be 1,9%, with no evidence 
for wavelength dependence. Three months later the source was 20% 
fainter and the polarization was undetectable, with an upper limit 
of 1,1%. 
3.3.11 1514 - 241 
AP Libra: is a BL Lac object located in the centre of an 
elliptical galaxy (Disney et al,, 1974), having an emission line 
redshift of z = 0,049 (Miller et al. , 1978), The range in optical 
polarization is 2 -7 %, and the position angle in the collected measure- 
ments is stable at 8 1, 6 ± 16° (Angel et al,, 1978; Strittmatter et 
al., 1972; Kinman, 1976). Capps and Knacke (1978) found. 2,2pm 
polarization in the range 3-6%, ,but with a position angle 1,900 differ- 
ent from the optical measurements. In April, K and H polarizations 
of 1,7% were measured, at a position angle 0,175O) which confirms the 
long -term stability found in the optical data. These observations 
were obtained with a 15 aperture, and varying amounts of dilution 
from the surrounding galaxy caused by guiding errors may have lead to 
systiA-2atic errors in the polarization, 
3.3.12 1641 + 399 
3C 345 is a violently variable, strong -lined source with an 
emission redshift of z = 0.595 (Burbidge et al., 1977). VLBI 
measurements show it to be expanding superluminally at a rate of 
1,5c, and it is a good candidate for relativistic beaming (Kellerman, 
1978). Kinman (1977) has studied eight years of polarization data 
for this object, and finds that there is a preferred position angle 
(800- 1100) when the source is bright. This is roughly aligned to 
the VLI expansion axis (\105O) , and there may be a "memory" in the 
emission process. The range of optical polarization is 2 -16% 
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(references in !Unman, 1977; Stockman & Angel, 1978; Moore & 
Stockman, 1980). Knacke et al. (1979) have made optical and infra- 
red measurements of 3C 245, and the 2.2pm polarization was very 
large and variable with an increase fror 22% to 32% in one night. 
On the latter occasion the optical limit was p < 6 %, and strong 
wavelength dependence of polarization increasing into the infrared 
is unique among BL Lac objects. 
The single observation presented here is a K polarization ^.13 % 
confirming the existence of high II/ polarization in this object. 
The position angle of ti1O0° is well aligned with the superiuminal 
expansion axis. 
3.3.13 1652 + 398 
Mk501 is an extended object, and Ulrich et al. (1975) have pub- 
lished a redshift of z = 0.034 based on emission lines in the galaxy 
component. Optical polarizations are low (2 -4 %), and the wavelength 
dependence of optical polarization has been used to separate the 
galaxy and non -thermal components of this source (Maza et al., 1978; 
Puschell & Stein, 1979; Ulrich et al. , 1975; Angel et al., 1978) . 
Although the source is bright in the infrared, the polarization is 
too low to be detected above the level of 1:7strumenta.l polarization. 
Over a 3 day period, however, the infrared flux roseby ti35% at J, 
H and K which represents a eonsiderable brightening of the non - thermal 
component. 
3.3.14 1.727 +503 
The compact galaxy I 2w 186 is another object with a galaxian 
component and a compact non -thermal core. Oke (1978) has derived 
an emission line redshift for the surrounding galaxy of z = 0.055. 
'Unman (1976) found the optical polarization to be low (4 -6 %) , while 
the radio (3.7cm) polarization i:: surprisingly high for an extended 
BL Lac object, at 11.3% (Wardle, 1978). The source was too faint 
for polarinetry, and the photometry over three observing sessions 
shows moderate ('25 %) variability of the compact component. 
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3.:'1.15 1921 -293 
The radio source OV -236 was found to be a variable in a 90011z 
survey of sources with flat spectra between 5GIi.z and 90GHz (Landau 
et al. I980). Dent and Balonek (1980) have followed the source 
during a radio outburst in 1979, and the high frequency flux rose 
more rapidly than the delayed and self -absorbed lower frequency 
radiation. By mid -1978, OV --236 was the strongest quasar in the 
slay at 30GHz. There is evidence for correlated radio /optical act- 
ivity during the period 1977 -9 (Gilmore, 1980a). In April, this 
'object was confirmed as a BL Lac object by a 2.2pm polarization 
measurement of ti14 ± 4 %. Subsequent to this measurement, the 2.2pm 
flux decreased by ''35 %, so the source displays another BL Lac -type 
property of infrared variability. There is no published redshift 
for this source. 
3.3.16 2155 - 304 
H2155 -304 is a IIEAO 1 X -ray source, with an optical identifi- 
cation that has a very tentative redshift of z = 0.17 (Schwartz et 
al., 1979; Charles et al., 1979). It is a rapidly variable object 
with 6 hour variations of a factor of 2 in the 0.5 -2OkeV flux 
(Snyder et al., 1980) . Simultaneous X -ray observations did not 
support the claim for a 1 second flare (Agrawal & Reigler, 1979). 
Optical variability and optical polarization of ti5% has been estab- 
lished by '::riffiths et al. (1980) , and the identification as a Isis 
Lac object seems very likely. In July, the infrared polarization 
was observed on three nights and found in all cases to be <3%, at a 
position angle of 120-130° (Fig. 3.2e). The i :frared flux was ob- 
served on six occasions, but there were no examples of large or 
abrupt changes between nights or over a baseline of one month. The 
source has a J -If colour of 'l, which is less than usual for a vio- 
lently variable_ quasar or BL Lac object. 
2.3.17 2223 - 052 
3C446 has strong emission lines and a redshift of z = 1.404 
(Burbidge et al., 1977) . Optical variability was observed by 
Visvanathan (1973) and Miller (1978) noted that at maximum light the 
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spectrum had rauch weaker lines characteristic of a BL Lac object. 
Optical polarization of 4 -17% has been monitored by Hinman et al. 
(1966) , Visvanathan (1973) , Miller and French (1978) and Moore and 
Angel (1980) . Stockman and Angel (1920) noticed a position angle 
rotation of ti100 in a few hours. The polarization position angle 
in 3C446 takes a wide range of values, 100 -1600. In December, 
3C466 was found to be highly polarized at 2.2nm, p ti 16% and a 
position angle of ,1370. In July, measurements were made at K and 
H, and the polarization was down to `L10%, with a large swing in 
position angle. There was no substantial flux change between 
Decehber and July. 3C466 had a very strong infrared excess, with 
a K -H colour of ti0.9m. This source is evidently a transitional 
case between quasars and BL Lac objects. 
3.4 Properties of the Sample 
Of the 17 BL Lac objects in the sample, 11 have published red- 
shifts. The original definition of BL Lacs as having featureless 
spectra has been relaxed since high resolution, good signal -to-- noise 
spectra have shown the presence of weal_ emission lines in many objects. 
Some of the redshifts must still be regarded as tentative. There 
are also several objects with absorption -line redshifts and no de- 
tectable emission lines. As shown in Table 3.2, three objects are 
demonstrably within elliptical galaxies at low (z < 0.05) redshift, 
and the others are highly luminous and at large redshift. The 
maximum values of radio, optical and infrared polarization are not 
eaeily related since the highest polarizations come from the most 
fx- .uently observed objects. However, in general the high frequency 
polarizations are considerably higher than the radio polarizations. 
Almost all the objects have maximum values >10% in the optical 
and infrared. The infrared properties of the sample can be summar- 
ized as follows. 
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3.4.1 Flux and Polarization Variability 
Even with the modest data -base presented here, the diversity 
of behaviour in BL Lac objects is apparent. Of the 5 objects 
with a timescale coverage of days and months (0235 +164, 0851+202, 
0735 +173, 1308 +326, 2223 -052), the most luminous objects show the 
greatest variability, 0235 +164 has a 2.2nm polarization range of 
15 -29 %, and the flux varies by more than a factor of two, 1308 +326 
has a range of 8 -20 %, with the 2,2pm flux varying by nearly a factor 
of six. The most rapid changes also occur in these two sources. 
The 2.2pm polarization of 0235 +16.4 varied by 'v'12% between successive 
nights, and in 1308 +326 a similar change in polarization c:ncurred 
over 48 hours. On one occasion, the 2.2nm flux of 0J287 increased 
by 50% between nights. The instrumental sensitivity did not allow 
reliable tests for variations on a timescale of hours. 
In contrast to these erratic fluctuations and flares, 0735 +178 
had stable polarization and po ition. angle over five consecutive 
nights, and over a similar period 03287 and 0754 +101 had polarizations 
which smoothly and monotonically increased. There appear to be 
two types of behaviour in BL Lacs: periods of quiescent flux and 
polarization and periods of wildly fluctuating Stokes parameters. 
Often both type of behaviour are present in the same object; all the 
monitoring programmes in the past have noted active and quiet ph: es, 
The data is not extensive enough to say whether the active polari- 
zation periods correspond to epochs of high flux, and quite frequently 
during a low phase the object drops below the detection limit. The 
amplitude of changes between nights is generally as large as the 
changes which take place over longer periods between rums; there is 
no preferred variability timescale. 
Figure 3.7 shows the distribution of inter -night changes in 
polarization and position angle for all the observation in all three 
wavebands. About 80% of the points refer. to 2.2pm measurements. 
The distribution of errors in p and e is also illustrated. Most 
changes in polarization on a times cale of 24 hours are <6% and the 
distribution falls off at higher levels than this. There is a tail 
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of large rapid changes of >10 %, and this is dominated by the extreme 
example of AO 0235 +164 The mean error is 2 -3% and apart from the 
individual cases, there is strong statistical evidence for wide- 
spread inter- night changes in BL Lac objects. Unfortunately, the 
limited sensitivity of the detector system did not allow the invest- 
igation of timescales til hour. The position angle changes also 
show a distribution weighted well beyond the mean error (20 -40), 
with rotations of >120 not being unusual. It should again be empha- 
sized that these plots are weighted in the wings by a few well- studied 
and extreme objects. 
A more visually appealing way of presenting the polarization 
changes is a Q -U diagram, where the normalized Stokes pr.raneters Q/I 
and U/I form the y and x axes. The degree of linear polarization is 
measured by the length of the vector from the data point to the 
origin, and the position angle is measured by the angle the vector 
makes with the Q axis (Figs. 3.8 and 3.9). In Figure 3,8 the ob- 
servations of AO 0235 +164+ at 2.2pm are plotted in the Q -U plane. 
Pi though there are relatively few data points, several interesting 
features of the variability emerge, which are not obvious from the 
tabulated data. first, the observations cover three C- Serving runs, 
and the baseline of polarization is always 1\l6% even though the 
position angle varies widely. The December 1979 flare rises and 
falls to about the sane level of polarization and the position angle 
has systematically rotated. Even more interestingly, it appears 
that the polarization changes take place along lines of constant 
position angle and the position angle rotai' ons take place along 
lines of constant polarization. To follow this up, the other three 
objects with monitoring runs in December 1979 are shown in Figure 
3.9. The trajectories for these three EL Lac objects agree quali- 
tatively wit:i the data for 0235 +164. Both 0735 +7.78 and 0E51 +202 
follow lines of roughly constant polarization, while 0754 +101 flares 
along a line of nearly constant position angle. With such a paucity 
of continuous monitoring data, it is not possible to do more than 
note the possible significance of these trajectories. However, if 
paths of constant polarization and position angle do dominate the 
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variations of BL Lac objects there will be important implications 
for the magnetic field geometry of the emitting regions. 
3.4.2 Position Angle Rotations 
For most of the objects, the position angle behaviour is very 
erratic; there are snail but significant changes between successive 
nights, and changes of much larger amplitude on a tinescale of 
months. There is not usually a preferred position angle. Ironi- 
cally, the object with the most stable position angle also shows 
the largest rotation. For 4 nights the 2,2í:m position angle of 
0J287 was 94° ± 4 °; on the fifth night it rotated to ti62 °. A 
single observation might not be compelling, but a similar rotation 
can be seen at J and H, and none of the other position angles 
measurd on that night are peculiar. A more gradual rotation is 
seen in the December 1979 data for AO 0235 +164; this time an ampli- 
tude of ti30° over five nights. Once again, the trend is supported 
by the J and. Fi measures. There is further rotation between later 
observations and the sense of rotation is the same as the large 
systematic rotation at radio frequencies found by Ledden and Allen 
(197). From the variations in F, p and O it is possible to note 
three maximum observed rates of change: 
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3.4.3 Wavelength -Dependent Polarization 
Only two of the BL Lac objects show any sign of wavelength - 
dependent polarization, 0235+164 and 0735+178 (Fig. 3.4) . The effect 
is not at a 3e level in either case, but it is systematic with wave - 
length and persists during the night -to -night polarization variations, 
In the case of AO 0235 +164, the shape of the p(X) vs. a curve is 
constant during the large changes in degree of polarization that 
occurred during the December burst. The polarization increases with 
decreasing wavelength in both cases. The slope of the p(A) - X curve 
is also roughly the same in both cases. 
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dn 1 _ 3.0 , dp 1 2.7 
cilnv ) 0235+164 dlnv j 0735+178 
3.4.4 Spectral Flex Distribution 
(3.6) 
BL Lac objects are characterized by a non - thermal flux distri- 
bution rising into the infrared, and approximated by a power law 
of slope a, where a = - dinF /dlnv, BL Lac objects are considerably 
redder than QSOs, which have a mean spectral index of ti1.2 
(Neugebauer et al., 1979). The range for BL Lacs is 0.8 < a < 2.2 
(Tapia et al., 1976; O'Dell et'al,, 1977). Although the wavelength 
baseline is small, 
sample: 
mean spectral indices can be 
aI ' 
calculated for the 
aI R 
0235-i-164 2.1 1418+546 0.98 
0735+164 1.1 1514+241 0.85 
0754+101 0.95 1.652+398 0.45 
0851+202 0.89 1727+503 -0.12 
0912+297 1.£ 1921-293 1.4 
1.147+245 1.3 2155-304 0.63 
1308+326 1.3 2223-052 1.4 
For the objects observed in several colours and several 
occasions, the aJK parameter can be tabulated night by night, 
Date aJK Date aJK 
0235 +164 20 -12 -79 1.51 0851 +202 19 -12 -79 0.95 
22-12-79 1.64 22 -12 -79 1.22 
1.0 -08-80 1,74 20 -04 -80 0.90 
1.1 -08 -80 1..91 21 -04 -80 0.98 
0735 +178 19 -12 -79 1.14. 1652 +398 18 -04 -80 0.42 
22-12-79 1.01 21 -04 -80 0.17 
20 -04 -80 0.99 
2155 -304 09 -07 -80 0.14 
21- 04-80 0.94 
09 -08 -80 0.31 
11 -0S -80 0.24 
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In 0235+164 and 0735 +178 there are systematic changes in aJr. 
with time which are explained in terms of the source energetics and 
emission mechanism in Chapter Four 
It is recognized that broad band colours over a baseline of 
1 -2p,:ß are not a perfect tool for defining a continuum slope and 
hence a power law spectral index. The baseline from J to K is not 
very long and the filters are broad enough that spectral features 
passing through the bands will significantly affect the J -K colours. 
For example it has been known for a long time that the infrared 
colours of low redshift elliptical galaxies are very susceptible 
to the strong and complex absorption features of their constituent 
stars (Frogel et 'al, , 1978) . Also it has been demonstrated by 
Hyland and Schwartz (1977) that the near- infrared colours of quasars 
are strongly affected by the appearance of rec:shifted emission lines 
(especially Ha) through the filters. The case for defining a 
power law for EL Lac objects rests on the fact that the non-thermal 
flux swamps the thermal component, and the defining property that 
Lacs have no strong emission lines, BL Lac objects have flux 
distributions which are gene :-ally steeper and closer to power laws 
than quasars. The continuity of flux between optical and infrared. 
regions is a key result in the assumption of a power law and has 
been measured for 1652+398 (Ulrich et al., 1975) , 0J287 (Hinman et 
al 1974) , AO 0235 +164 (Rieke et al., 1976) , 0735 +178 (O'Dell et al, 
1977a) and others (Strittmatter et al., 1972). Other infrared/ 
optical flux distributions have been published by O'Dell et al., 
1977b, Puschell and Stein, 1977 and Tapia et al., 1976. The result 
is that a power law is a good approximation for the near -infrared 
spectral flux of BL Lac objects. 
3.4.5 Polarization -Flux Relationship 
One of the most important clues to the energy- producing mechanism 
in EL Lac objects is the relationship between total and polarized 
flux. The distribution of total vs. polarized flux for all the 
observations is shown in Figure 3.6, where it can be seen that the 
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graph is not uniformly distributed from high polarizations to 
the detection limit. This is confirmation of the selection effect 
against sources of low polarization, since the highly polarized BL 
Lac objects are most frequently monitored. More than half the 
observations have p > 10%. In Chapter Four, the polarization -flux 
relationship will be discussed in terms of models for the polarized 
emission. 
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R.A. (1'150.0) 2::c. 
n 
V - 01-4c- t 
, 
020,06/ AO 1,3;4 O2 35m 52.65 +16a 24 04 14.2-1.9.5 
03Oïì+103 OE 110 1 03 06 21,n 1.0 17 52 17.5-19.5 
0735+178 PÌiT, 1,2 07 35 1.4,.1 17 49 09 16.0-16.5 
0754+10! . OI 090.4 1 07 54 22.6 10 04 39 14.0-16.5 
0851+202 OJ 287 1,2 (_)î': 51 57.2 20 17 59 12.7-35.6 
0212+297 OK 222 2 09 1.2 53.5 29 45 56 16.3 
1147+245 01R 200 2 11 47 44.0 24 34 35 16.1-17.5 
1308-326 132 1,2,3 13 08 07.6 32 36 41 ' 17.0-19.0 
1400+162 0g 100 2 14 00 20.5 16 14- 22 17.0-17.5 
1418+546 O(¿ 530 2,3 14 18 06.2 54 36 57 12.0-15.0 
1514-241 AP Lib 2 15 3.4 45.2 -24 11 22 14.5-16.4 
1641+395 3C 345 3 1.6 41 17.6 39 54 11 15.0--3.7.0 
1652+398 P:1: 501 2 16 52 11.7 ';9 50 26 13.5-14.0 
1727+503 I Zw186 2,3,4 17 27 04.3 50 15 31 16.0-16.5 
1921-293 OV-236 2,3 19 21 41.4 -29 20 25 15.0-17.5 
2155-304 PKS 3,4 21 55 57.9 -30 27 54 14.5 
2223-052 3C 446 1,3 2.2 23 11,1 -05 12 17 16.0-18.4 
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TABLE 3,2 Properties of BL Lac Objects 
Ob "ect 
2em 
absr' a tA (4) MAX MAX J /` 1 OPT b pOPT pIp VLßI Galaxy RAD 
16s 0235 on; r` 5; M 0.5 ,,,.2 4,0 .J. `' $ 44 34,6 3 
-3,, 
0, 5x10 3 
0306+103 - - - 2.2 0,5 
0735+178 0.424'° 1.3 4.7 31 29.9 0.9 
0754+101 - - - uv 11.7 0.6 
0851+202 0.306(?) 1,4 16.6 32 14.3 0.9 
0912+297 1.3 14,7 13 0.9 
1147+245 - 1, 2,5 13 14.8 0.9 
1308+326 0.996 1,6 4.0 25 19,6 0.5(2) 
1400+162 0.244 1,5 - 14 - 1,4 (2) 
1418+546 - - 19 9.7 
1514-241 0.049 2.7 4,4 7 7.4 - Y 
1641+399 0,595 1,1 36 12,8 - - 
1652+398 0.034 2,5 - 4 - 1,1 Y 
3.727+502 0,055 1,9 11,3 6 - >1,2 Y 
1921-293 - - - - 13.9 
2155-304 0.17(?) 1,0 - 7 3,0 
2223-052 1.40A 1.8 - 3.7 16.3 
(1) - Infrared data from this work 
(2) - Structure elongated at ti10° position angle 
(3) - Object in a cluster of galaxies at z = 0,24 
(4) - Radio measurements made at 3,7cros. 
Data from: Miller et al, (1978) , Wardle (1978) , Angel and Stockman 




Po1arimetry and Photometry 
Date Wave- 
(T1.T.) band P ± ß(P) 6 ± a(6) m ± a(m) Object 
0235+164 1 18-12-79 K 17.5 ± 2,9 137 ± 4.8 11.65 1 0.02 
H 22.8 ± 1.8 129 ± 2.3 12.86 _ 0.03 
19-12-79 K 18.7 ± 3.1 120 + 4.8 11.87 t O.O° 
IT 22.3 ± 1.6 114 ± 2.1 12.61 ± 0.03 
20-12-79 K 28.7 ± 3.1 125 =3.1 11.71 ± 0,02 
H 34.6 ± 2.9 128 + 2.4 12.74 ± 0.03 
J 36.2 ± 8.6 137 ± 6.8 14.00+ 0.06 
21-22--79 K 26.7 ± 3.6 '110 ± 3.8 17.81 i 0.02 
22--12-79 K 14.9 ± 1.9 108 ± 3.0 11.66 ± 0.02 
E 19.4 ± 1,2 109 ± 1.8 12.41-1- 0.03 
J 22 .1. ± 2,0 119 ;- 2.6 13,65 = 0.06 
0306+103 1 22-12-79 I: 2.2 ± 1,9 ti102 12.06 ± 0.02 
0735+178 1 18-12-79 K 19.7 ± 1.6 2.6 ± 2.3 11.52 ± 0.02 
H 23.2 ± 1.3 5.7 -f- 1.6 12.23 ± 0.03 
19-12-79 Y. 19.8 ± 2.5 £.6 ± 3.6 11.62 ± 0.03 
It 24,4 ± 2.0 8.5 ± 2.4 12.34+ 0.03 
J 2705 ± 5,0 11.3 ± 5,2 13.29 = 0.06 
20-12-79 K 21.5 ± 2,2 9.7 ± 2.9 13.49 ± 0.02 
H 21.4± 2.4 6.4± 3,2 12.18± 0.03 
21-12-79 K 21.0 ± 1,3 0.7 ± 1.8 11.66 ± 0.02 
IT 22.8 ± 1.7 178 ± 2.1 12.56 ;- 0,03 
22-12-79 K 19.7 ± 1.8 71.2 ± 2,6 11,50 ± 0.02 
H 23.6 _ 1.5 E.2 ± 1.6 12.20 T V.L,s 
J 22.7 ± 2.0 9.5 ' 2,5 1.3.09 1 0.08 
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. . , 2) 
Wave- 
band P ± G(p) G± ß((ì) m± a(n) C`bj: ìt 
0754+101 1 18-12-79 I. 2.3 ± 0.7 49 - 8.6 10.70 ± 0.02 
19-12-79 k 5.1 ± 0.5 31 ± 2.8 10.69 .,. 0.03 
5,2 ` 1.3 39 ± 7.2 11.4E ± 0,03 
20-12-79 L. 8.0 ± 0.7 36 ± 2.5 10,81 ± 0.02 
21-12-79 Y. 8,8 ± 2.6 41 ± 8,4 10,98 ± 0.02 
H 11,7 _1 1,2 39 ± 3.0 11.67 ± 0.03 
0851+202 1 18-12-', . h 5.6 =- 2.9 09 = 15 11,02 ± 0.02 
I? 10.5 ± 1.6 92 y 4,4 17..77 ± 0,03 
19-:.2-79 K 8.4 1 0,8 98 i- 6.7 10.91 - 0.02 
£ 10.3 ± 1.4 98 ± 3,9 11.73 ± 0,03 
J 1001 ± 1,1 9] ± 3.1 12,53 t 0,06 
20-12-79 K 8.9 ± 2.1 98 ± 6.7 10,91 = 0.02 
N 8.3 _F 1,7 99 ± 5.9 11,74 ± 0,03 
21-12-7P I: 9.1 ± 2,5 97 1 7.8 11..09 ± 0,02 
Y., 8.8 ± 1.0 3.5 ± 3.3 11,83 ± 0,03 
22-12-79 I. 10.3 ± 2.6 62 ± 7.3 10.93 ± 0.02 
F 8.6 ± 0,8 64 ± 2,6 17..66 ± 0.03 
J 9.7 ± 1,9 60 ± 5,6 12.64 ± 0,06 
1308-326 1 19-12-79 R 19,6 ± 1,1 150 ± 1.6 11.8 ± 0.03 
21-12-79 K 7.6 ± 3.7 145 ± 14 12.28 ± 0.02 
22-12-79 Ií 13,7 ± 4,9 122 
_1 10 12.27 ± 0.02 
2223-052 1 21-12-79 Ii 16.3 ± 3,8 127 
± 6.6 12.06 ± 0,02 
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band P ± a(P) 8 ± a(0) in ± a(m) 
0735 +178 2 20 -04 -80 K 27,9 ± 2.9 160 ± 3,0 11,56 ± 0.01 
H 29,9 + 2,E 153 ± 2.4 12.44 ± 0.02 
21-04-80 I; 22,5 ± 2.9 1n9 ± 3.7 11.35 ± 0,0? 
H 24,5 _ 3,7 156 ± 4,3 12.05 ± 0,03 
J 27.4 ± 4,2 158 ± 4.4 12,90 ± 0.05 
0851+202 2 20-04-20 K 9,2 ± 1,4 82 ± 4.4 11.52 ± 0.01 
H 10.4 ± 1,3 78 ± 3.6 12.35 ± 0.02 
J 11.1 t 6.7 77 ± 17 13.05 ± 0.05 
2 21-04-S0 I. 10,5 ± 1,2 79 ± 3,3 11.06 ± 0.02 
F. 14.2 ± 5.2 82 ± 10 11,69 ± 0.03 
J 14.3 ± 4.8 71 ± 9,7 12.64 ± 0.05 
1147+245 2 18-04-80 K 10.1 ± 3.3 115 1 9.4 12.30 ± 0,02 
20-04-80 K 14.E ± 6.3 109 ± 12 12.20 ± 0.01 
1418+546 2 20-04-S0 K 9,2 -!- 3,4 89 ± 18 11.94 ± 0.01 
F 9.7 ± 6.1 76 ± 18 12.61 ± 0.02 
1514-241 2 18-04-30 K 7.0 ± 1.4 177 ± 5.7 11.00 ± 0.02 
FI 7,4 ± 2,4 175 ± 9,4 11.65 ± 0.02 
1921-293 2 20-04-80 K 13.9 ± 4.0 165 ± 8.3 12.57 ± 0.02 
0235+164 3 11-07-80 I: 17.1 ± 5.0 15 ± 8.4 12.52 ± 0.02 
H 10,0 ± 2,1 16 ± 6,1 13.41 ± 0,08 
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TABLE 3,3 (t:cntinued,,,,4) 




band P ± ß(P) 0 ± a(0) m ± u(r) 
1308+326 3 10-07-80 K. 
IT 
8.3 ± 0.5 
7.2 .E_ 2,2 






1418+546 3 10 -07 -80 K <0.9 `1,113 12.15 ± 0.02 
1641+399 3 10-07-80 K 12.6 ± 3.9 100 ± 8.9 12.48 ± 0.02 
2155-304 3 09-07-80 K 3.0 ± 1,4 124 ± 13 10,64 ± 0,01 
H 1,6 ± 0,4 135 ± 7.2 11,00 ± 0,08 
J <1.2 ti119 11,70 ± 0,02 
10-07-80 K 1,7 ± 1,0 113 .1 17 10,63 ± 0,01 
11-07-80 K 2,9 4. 0,3 330 ± 2,8 10,54 ± 0,02 
2223-052 3 09-07-1.'0 K 10,9 1- 2,4 27 1 6,4 13,95 ± 0,01 
10-07-30 K 8.5 ± 0.8 42 = 2,8 12,15 ± 0,01 
H 8.4 ± 5.0 47. ± 17 12.97 ± 0.08 
1.1--07-80 K 11,1 ± 3.E 34 ± 9,7 12,16 ± 0,02 
H 5,5 ± 2,7 29 ± 14 13,09 ± 0,08 
0235+164 4 11-08-80 K 15,1 ± 3.4 156 ± 6.4 11.81 ± 0.02 
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TABLE 3.4 Photoretry 
Date 
Run (U. T, ) A 
Flux (rJ) 
n J Ob.iec . 
0235+104 1 18-12-79 14,6 ± 0.3 6.7 ± 0.2 - 
19-12-79 1.2.2 ± 0,2 8.6 ± 0.3 - 
20-12-79 13,4 ± 0.4 7.6 ± 0.3 4.0 ± 0.2 
21-12-79 13.2 ± 0,2 - - 
22-12-79 14,3 ± 0,2 10.2 ± 0.4 5.6 ± 0.3 
3 10-07-30 9.2 ± 0,1 - 
11-07-30 6,5 i 0.1 4,0 ± 0,3 - 
4 09-08-80 11.8 ± 0.3 6,3 ± 0,5 - 
10-03-30 12,6 ± C.4 7.1 ± 0,6 4.6 '+ 0,4 
11-08-80 12.6 ± C.4 6,4 ± 0,4 4.2 '_ 0.3 
0306 +103 1 22 -12 -80 10.0 ± 0.1 
0735+178 1 18-12-79 16.4 ± 0.2 12,C l 0.4 - 
19-12-89 14,9 ± 0,4 11.0 ± 0,4 7.7 ± 0.4 
20-12-79 17.1 ± 0.2 12.5 ± 0.4 - 
21-12-79 13.E ± 0.2 9.0 ± 0.3 - 
22-12-79 16.7 ± 0,2 12,t. -1. 0.4 9,2 ± 0.5 
2 20-04-30 15.7 _ 0.1 10.0 - 0,2 8.8 ± 0.4 
21-04-80 19.2 ± 0.4 14.2 ± 0.4 11.0 ± 0.3 
0754+101 1 18-12-79 34.8 ± 0,6 
19-12-78 35.1 ± 0.9 24.1 ± 0,9 
20-12-79 32.0 ± 0,4 
21-12-79 25.5 ± 0,5 20,6 4 0,7 
TAi;LF, 3.4 (Continued, , . . 2.) 
Date 




0351+202 1 18-12-79 25.9 ± 0.3 18.5 ± 0.7 - 
19-12-79 27.2 ± 0,7 1901 ± 0,7 15,5 ± 0,9 
20-12-79 29.2 ± 0.4 19.0 ± 0.7 - 
21-12-79 23,0 ± 0.3 17.8 ± 0,6 - 
22-12-79 28,1 ± 0,4 20,4 ± 0,7 13,8 ± 0,8 
2 20-04--80 16,4 ± 0,2 10,9 ± 0,2 906 ± 0.5 
21-04-80 25,0 ± 0.5 19,9 ± 0,6 14,0 ± 0.7 
0912+297 2 21-04-80 5.4 ± 0.1 2.9 ± 0.1 
1147 +245 2 18 -04 -80 8.0 ± 0.1 - 
20 -04 -80 8.8 ± 0.2 6.1 ± 0.1 
21 -04 -80 9.1 ± 0.2 5.7 = 0,2 
1308+326 1 19-12-79 11,8 ± 0.3 
21-12-79 707 ± 0,1 
22-12-79 8,2 ± 0,1 
2 20-04-80 2.6 ± 0,2 
21-04-80 2.0 ± 0.2 
70-07-80 6.8 ± 0.1 4.4 ± 0,4 
1400+162 2 20-04-80 1.5 ± 0.1 - 
1418+546 2 20-04-80 7.1,1 ± 0.2 8.6 ± 0.2 6.2 
± 0.3 
21-04-80 12.9 ± 0.2 10.1 ± 0.^ 
3 10-07-80 9.2 i- 0.2 
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1514-241 2 1ë--04-20 26,4 ± 0,5 20.6 ± 004 15,5 ± 0.7 
1641+399 3 10-07-30 6.7 ± 0.2 - - 
1652 +398 2 13 -04 -50 32.6 ± 0.6 29.8 ± 0,6 24.3 ± 1.2 
2J-04-EO 41,8 ± 0,8 45.5 ± 1,4 37.2 i 1.8 
1727+503 2 20 -04 -80 4.6 ± 0,3 4.5 ± 0.4 
21-04-80 3.7 + 0.4 
3 09-07-80 4.2 ± 0.4 - 
10 -07 -80 3,4 + 0,2 - 
4 09 -08 -80 3,3 + 0,2 3,8 ± 0,2 
10 -08 -80 3,3 ± 0,2 3,6 ± 0,2 
7921-293 2 20-04-80 6,2 y 0,1 3,8 + 0,1 
21-04-80 5.5 ± 0,2 - 
3 09-07-80 4,6 ± 0.1 3.9 ± 0.2 - 
2155-204 3 09-07-80 36.8 ± 0.3 37.5 ± 3.1 33,3 ± 0,6 
10-07-z.0 37.1 ± 0.3 - 
11-07-80 40.2 ' 0.4 - - 
4 09-08-80 34,8 ± 100 29.0 ± 1,° 28,5 ± 2,2 
10-08-80 37,9 ± 1.1 31,7 ± 2,0 
11-08-80 40,0 ± 1,1 28.5 ± 1.8 34.2 ± 2,6 
-10)- 






2223-052 1 21-12--79 9.4 ± 0,2 - 
3 09--07-S0 11,0 ± 0,2 - 
10-07-80 9.2 ± 0,2 6.2 ± 0,5 










Figure 3.1 Histogram of signal -to -noise for polarization observations. 
Only those with (S /N) >5 are considered. Crosshatching shows 
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Figure 3.6 Polarized flux plotted against total flux for 40 
observations in the K band. The solid line represents 
the detection limit as a function of magnitude and 










Inter -night changes in the degree of polarization and 
position angle for all observations. Crosshatched area 
represents measured differences; dashed area represents 
distribution of errors on individual measurements. 
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Normalized Stokes parameters for AO 0235 +164. 
Error bars for Q/I and U/I are approximated by 6(p)/ 2. 
Trajectories of constant polarization are circles in the 
Q -U plane; trajectories of constant position angle are 
radii in the Q -U plane. The dashed line shows the burst 















Figure 3.9 Normalized Stokes parameters for 0735 +178, 0754 +101 
and 0851 +202. The dashed lines connect observations 
made Oa consecutive days. 
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CHAPTER POUR 
Flux and polarization variations in BL Lac objects can be used 
to understand both the central power source and the emission mechanism. 
In this chapter, the observations are used to define the energetics 
of the source and are related to current ideas on the 'seat' of the 
activity. Cosmological redshifts are assumed throughout, but many 
of the implications of the polarimetry are independent of distance 
and luminosity. 
In Section 4.1 the theories of the power source are reviewed with 
emphasis on the minimum timescales of variability and the maximum 
luminosity which can be generated, In Section 4.2 the observed 
energetics of the BL Lac objects are summarized, and the infrared 
luminosities and total energies of the sample are related to the model 
of accretion ..nto a supermassive compact object. Next, the emission 
mechanisms which can account for the non -thermal infrared flux are 
described. The canonical model of incoherent synchrotron emission 
can account for the power law distribution of spectral flux and the 
degrees of polarization. The effects of energy loss mechanisms 
and propagation effects on the spectrum and polarization are considered. 
Finally, the observations are related to the synchrotron model, and 
parameters for the magnetic field and electron properties are calculated 
for each object. 
4.1 Theories of the Power Source 
In this section it will be assumed that the redshift is of cosmo- 
logical origin and that BL Lac objects and quasars are closely related 
in terms of t .ir n4..tear properties. These assumptions were justified 
observationally in Chapter One, The requirements of a model for 




sec and contain as much as 10 ergs in non -thermal forms, e.g. relat- 
ivistic particles and magnetic fields. The energy is generated in a 
very small volume (10'R - 1045errS) as indicated by timrescales of 
variability. Since galactic nuclei (M < 109 M0) must give rise to 
large non -thermal fluxes, the energy production must be extremely 
efficient (E > E /M2 ti 0.1 - 1 %). It should be stressed that some 
current theories are highly specu1r tive, having little direct confirration 
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or refutation by observation. Lowever, the most successful ones do 
explain the bulk properties of the quasar phenomenon. 
4.1.] Dense Star Clusters 
Spitzer (1971) argued that if the core of a galaxy contains a 
dense cluster of stars 1011 
-3 n. -1 
( p, ) moving at an average of ti 10 -ki- sec , 
then each stellar collision could release ti1051erg. However, the 
efficiency of relativistic particle acceleration would be low, and 
the process would terminate after only 102 -103 years, This is in- 
consistent with the surface density of quasars, Saslaw (1973) has 
reviewed the dynamics of dense clusters of stars, and the evolutionary 
possibilities are considered by Begelman and Rees (1978), Colgate 
(1967), Colgate et al, (1970, 1975) and Petschek et al, (1976)4 For a 
sufficient stellar density, collisions will lead to gaseous debris 
being lost and possibly massive coalesced stars. The gas will infall 
to the centre of the cluster and form new stars, while the stellar 
population forms an unstable cold disc. As the rate of collisions 
increases and more energy is released, radiation pressure will even- 
tually prevent further star formation. The dynamical evolution is 
poorly understood but the system may coalesce into a single massive 
object, collapse into a black hole, or fragment. Bailey (1979) has 
shown for galaxies in general that gaseous infall and viscous evolution 
of the resultiee cold disc can lead to the formation of a compact 
massive object in the centre of the galaxy. 
4.].2 Multiple Supernovae 
The energy efficiency of star clusters is improved if inelastic 
collisions lead to stars of 50Me, which can evolve into supernovae 
with a total energy release of-,10 
52 
ergs each.. The formation and 
evolution of star clusters has been studied by Colgate (1967) and 
others. ae 10`] supernovae per year are needed to account for the 
strongest sources, and again this leads to a short time for the active 
phase of galactic nuclei. The specific predictions of the supernova 
model have not been borne out. One prediction is that the ejecta 
from the supernovae will be thermalized and plasma oscillations will 
scatter Ter._' frequency photons to higher frequencies, Therefore there 
will be a scattering time delay between the low energy variations and 
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the higher energy variations. Also, the rate of flux increase 
during a burst (which is governed by scattering in the source) will 
be faster than the rate of decrease (which depends on the energy 
loss rate). Analysis of the light curve of 3C 273 (Fahlman & Ulrich, 
1975) shows that it can be decomposed into a superposition of super- 
nova -like light curves, but the energy release required per explosion 
is 103 times too high. Extensive monitoring of southern quasars by 
Gilmore (1980) reveals that the rates of flux variation are inconsistent 
with simple multiple supernova models. 
4.1.3 Supermassive Stars 
Hoyle and Fowler (1963) suggested that the gravitational con- 
traction of 108- 109 r.'o would lead to copious energy production.; A 
single massive star could form in the potential well at the centre of 
a star cluster either by repeated coalescence of smaller stars or by 
condensation of gas lost in the evolution of normal stars and collisions 
between those stars (Matthews, 1972; von. Hoerner P: Saslow, 1976). The 
entire topic is reviewed by Wagoner (1969). Objects up to 107M0 can 
form provided the stellar mass density exceeds the gas density and 
bar -made instabilities are avoided (Saltpeter, 1971). In this case, 
angular momentum can be lost and masses up to 109Mo can be stabilized 
by differential rotation. The characteristic timescales are the 
rotation period, 




and the period of fundamental pulsation, 
t 
p 









where R is the Schwartzchild radius. A rotating massive star is SCH 
a huge entropy source, with a large amount of energy concentrated in 
one degree of freedom:rotation. However, the energy release during 
stable evolution only has the efficiency of thermonuclear burning. 
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Only during unstable collapse does the energy production rise. This 
fundamental inefficiency argues against supermassive star models, 
4.1.4 Spinars 
By analogy with pulsars, Ozernoi (1966) and Morrison (1969) pro- 




Into) , rotating, magnetized superstar formed by the collapse of a 
magnetized gas cloud. If the large body is centrifugally- supported, 
then conservation of angular momentum and magnetic flux increase the 
rotational energy { according to 1 /fl 
2 
until the rotational frequency 
S2 becomes 1 /V, where p ti M /R`. Subsequently, energy and angular 
momentum are radiated away by the presence of magnetic fields, and an 
enormous amount of energy can be liberated in this fashion. Con - 
sidering a dipole field spinning at a rate S2 - the field lines can no 
longer co- rotate with the dipole and they are sheared off and radiate 
with a luminosity, 
Lmag = 23 H2524R6sin2X erg /sec (4.3) 
3c 
compared to the therm:. luminosity, 
38M 
1 tb.er = 10 M 
o 
erg /sec (4.4) 
where H is the magnetic pole field strength, and the magnetic axis 
is inclined by an angle x to the rotation axis (Morrison, 1969). To 
a 
produce 1045 erg /sec requires M = 109Mo, H = 105G, Tt = 10 7cm and T 
= 21T/S2 _ 1 year. A spinar with these parameters will store energy 
for 106 years and radiate very efficiently; it is a. giant machine for 
converting gravitational binding energy into electromagnetic radiation 
by means of rotation. 
The evolution of a spinar is uncertain, As described by Ginzburg 
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During this time there are three observational timescales of 
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Ozernoy and Usov (1977) have investigated quasar and Seyfert 
light curves for evidence of tP and tr7. but the evidence is incon- 
clusive. Because a spinar is a coherent rotating object, a crucial 
observational test is the detection of periodicity in variable quasars. 
The existence of a true periodicity is a matter of contention, but no 
periodicity has been established without doubt (Fahlydan and Ulrich, 
1975; Chertoprud et al., 1973; Ozernoy et ale, 1977; Fahlman, 1977). 
In fact the interpretation of the features of a quasar light curve 
as "signal" may he unrealistic (Press, 1978) . In common with super - 
massive stars, the spinar model predicts more rapid increases than de- 
creases in flux, and this is not supported by studies by Angione and 
Smith. (1972) and Gilmore (1979) . 
A5 the spinar contracts and spins up, several fates are possible. 
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It may undergo fragmentation and nuclear explosion (Wagoner, 1971) , 
or it may collapse until the period shortens to a Schwartzchild 
period of 63/2 2r(M /c3 and a black hole is formed. 
4.],5 Black Holes 
The efficiency of energy production, e, for a supermassive, 
accreting black hole can be much higher than the efficiencies of 
(e < 0,01) or of thermonuclear burning (e < 0,01), The variation 
is from e ti 0,06 for a Schwartzchild black hole to e ti0.42 for a 
disc co- rotating with an extreme Kerr black hole. Another attraction 
is the fact that a black hole is a natural evolutionary end -point 
for supermassive stars, spinars and other compact objects. The pre- 
cursor Objects might be able to explain less active phases in galaxies 
(i.e. Seyfertism) , but it seers more profitable to attribute the 
quasar phenomenon to accreting black holes. Reviews of black hole 
accretion are given by Rees (1977, 1978b), Lynden -ße11 (1978) and 
Carter (1979), and references to the original literature can be found 
in these articles (Rees et al., 1974). 
Quasar energetics require a nass of 107 -109M: in a small volume 
39 4 5 3 
(10 -10 cm) and to produce a luminosity L, the accretion rate onto 
the black hole must be, 
dtrl _1 
Oc le ] a L Nt s'ea dt 
- 10 Eerg/secj a 
(4.10) 
The black hole reaches this mass by accreting general mass loss 






per solar mass star) , by 
disrupting stars in the dense core around the black hole, or by 
swallowing stars whole. Even if general infall from the galaxy 
cannot supply the required mass, the central black hole is an effective 
sink for stars approaching too close to it and stellar disruption will 
occur. When the black hole has existed for a time longer than the 
relaxation time in the stellar core, a steady inflow of stars is 
established. Stars are disrupted out to a radius GM /Vc were Vc is 
the characteristic velocity dispersion dictated by the vitiia.l theorem 
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and given by (Gm *n 
c 




are the typical 'core' 
density and radius. Peebles (1972) showed that a cusp will form 
in the stellar density with a power law of the form n(r)ar 7 /s, the 
cusp being preferentially populated by stars of higher. mass. Stars 
will be disrupted and their debris accreted if they approach closer 
than the tidal (Roche) radius, 





-1 /'' ? 
cm (4.11) 
Near rT, some stars may be distorted rather than completely 
disrupted, and stars with extensive atmospheres may have them removed. 
At a smaller radius from the black hole, stars will collide, 
-1 
r r, 7 1017 cm 
(:) 
(4,12) 
The black hole will grow at a rate P.! somewhat less than the rate 
of production of tidal debris until at a mass of 108 - 109Me solar - 
type stars can be swallowed whole. One of the observational problems 
of the black hole model is the presence of large extinct black holes 
in the centre of many galaxies, Recently, Sargent et al, (1978) and 
Young et al.(1978) have postulated the central mass of r,5 x 109Me in 
M87 s . a dead quasar. But Dressler et al, (1980) have emphasized that 
the observations do not exclusively indicate a black hole, merely a 
high concentration of stars. 
Much recent theoretical work has concentrated on accretion 
schemes which allow efficient energy transport and radiation from the 
central regions. The two favoured geometries are disc accretion and 
dissipative quasi -spherical accretion; both are well summarized by 
Rees (1978a). In these models, the maximum rate of energy release 
dictated. by M in (4.10) is called the _ Eddington limit, 
41TGMc 
LE PD a 
r 
1.3 x 103 ( ) erg /sec. (4.13) 
The accretion disc provides a natural explanation for the rapid 
and erratic variability seen in quasars and BL Lac objects. For a 
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system radiating at near the Eddington limit, the inner regions of 
the disc are subject to instability (Lyndon -tell, 1969; Karda.shev, 
1965) which may result in the explosive release of energy An 
example is if the disc plasma becomes magnetically dominated and 
Rayleigh -Taylor unstable (Pringle et al., 1975), and another is if 
the magnetic field lines in the disc shear through differential 
rotation. However, the amplitude of the flare can be no larger 
than the energy stored. in the disc at a given radius or replenished 
in one dynamical time (8h-.elds F.: 'Wheeler, 1976). Elliot and Shapiro 
(1974) have calculated the minimum timesca.le of variability (in the 
quasar rest frame) for a luminosity L, 
t 
MIN 
> 7,S x 10 
-44 
L seconds (4.14) 
A difficulty of the simple disc models is that a majority of the 
radiation will be thermal emission from the viscous -heated disc, and 
the radiation peak will be in the optical /ultraviolet part of the 
spectrum. This is at odds with the known peak. in most quasars in 
the infrared (> 20pm) , and re- radiation by dust cannot supply the 
necessary energy. However, if the radiative cooling limit at 104K 
is exceeded, the temperature can rise to ti1010IC when non- thermal 
cooling becomes significant. 
With certain provisos, the efficiency for irregular quasi - 
spherical accretion can be just as high as for a disc (Fablen et al,, 
1976) . If the cooling is very efficient, the gas will stay at about 
104K. For a typical quasar luminosity, the temperature cannot stay 
that low in the central regions becaese the mass inflow is so quick 
that radiation does not have time to diffuse out. Therefore, if 
bremmstrahlung and line cooling are inefficient, the gas will heat 
adiabatically up toti1010K when more efficient cooling mechanisms 
(synchroton, Compton, etc.) take over. The efficiency of dissipative 
accretion is high even. for low 11, and non - thermal radiation will come 
from regions near the Schwartzchild radius. 
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4.1.6 Current Ideas 
The model receiving most support at the present is of a massive 
black hole at the centre of a galaxy, feeding on stars and gas in its 
environs. Its advantage over its rivals is that the efficiency is 
high enough to account for most quasar luminosities, and most other 
compact objects would be expected to evolve into a black hole even- 
tually. Its disadvantage, in common with its rivals, is that the 
physics of stars, gas and radiation interacting near a massive coll- 
apsed object is extremely complex. The available models all tread 
the line between being simplistic and having many free parameters; 
but advances are being nade very rapidly. It is worth noting that 
no observation has done rore than establish the presence of a deep 
gravitational well in the centre of a galaxy. Direct evidence for 
supermassive black holes does not yet exist. 
Recent developments in black hole theories have broadened to 
encompass the morphology of radio galaxies, objects with jets, EL Lac 
objects and the whole spectrum of active nuclei. The most profitable 
new directions include: 
(a) Supercritical accretion. Accretion- driven sources will tend to 
stabilize at the Eddington limit - governed by the balance between 
radiation pressure and gravitational infaïl. The Eddington luminosity 
LEDD can be exceeded in certain non- spherical accretion models (e.g. 
Icke, 1977) , or if the gas is supplied by stellar disruption (Rees, 
1978a). Since radiation pressure has little effect on the bulk 
motion of a star, the stellar density can become high enough for a 
large source of tidally disrupted gas to exist. If L > LEDD, some 
of the material would be blown off as a wind, with the gravitational 
energy released. by inflow of the rest providing the power. For such 
a radiation driven wind, LELD can be exceeded and sore of the K.E. of 
the wind can be converted into yet more luminosity at large distances 
from the hole. 
(b) Beam models. One of the most interesting lines of research. is 
the possibility that accretion models can naturally explain the linear 
structure and superluminal velocities seen in many radio sources. 
In the presence of a massive, rotating body it seems natural to 
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associate the aligned radio components with the stable rotation 
axis. In a classic paper, Blandford. and Tees (1974) showed how 
the relativistic plasma generated in an active nucleus can be 
channelled into 'twin exhausts'. If there is sufficient dense gas 
surrounding the nucleus, an equilibrium flow is established where 
the plasma escapes in oppositely directed channels perpendicular to 
the accretion plane. The formation of a De Laval nozzle loads to 
supersonic flow into the intergalactic medium. Some properties 
of vortices around Kerr and Schwartzchild black holes have been des- 
cribed by Lynden -Bell (1978) . For the disc accretion model, the 
luminosities generated from the collimated relativistic wind and the 
spin energy of the black hole are, 
and 
2 2 
L _ 1045 j 
M 
erg/sec (4015) DISC 1TJ 8 (10M 
0 




n IT (416) 
where a is the angular momentum per unit mass which can range from 
0 up to GM /c2 (Blandford, 1979) . The bulk kinetic energy of the 
beam is finally converted into relativistic particles and hence into 
the observed power -law spectrum at an interface with the swept -up 
intergalactic material. VLBI studies have recently revealed a 
wealth of radio morphologies such as jets, symmetric double- lobed 
structure, 'hot spots' in the beams and multiple compact components 
(Readhead et al., 1978). In the extreme cases, this type of model 
must be able to explain the giant double sources such as 3C236 (Willis 
& Strom, 1978) where beams must have remained collimated for 108 years 
with a mean power of > 10 
45 
erg /sec. 
There are many aspects of beam models that require further work. 
For instance, the confinement of the beam is not understood, and 
turbulence and instabilities are bound to complicate the smooth flew. 
It is also unclear as to what mechanism converts the bulk kinetic 
energy in the beam into relativistic electrons, Despite these 
l:161;1t,ii.s, it is evident that c_i.:rgy c:._., be cxt.:ìc:Lcd Iron the h-, -0 :::t 
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of a black hole in preferred colinear directions. A further con - 
sequence of beaming is that there will be some lines of sight where 
the relativistic plasma is viewed 'end -on'. Bulk motion of the 
enitting region towards the observer will reduce the power cons rption 
in the source. For a bulk Lorentz factor r, and an observer essent- 
ially on-axis (0 ti F 
-1 
), the mass- energy in the co- moving frame will 
be reduced by tiF4. Thus the energy requirement for some of the cost 
luminous objects can be reduced kinematically by a large factor. 
(c) Models for BL Lac Objects. Unlike the radio galaxies,there 
is no direct evidence for beams in BL Lac objects . However the 
energy budget for PL Lacs is particularly severe because of their 
large luminosities and rapid variability, and it has been proposed 
that relativistic beaming is responsible for their radio and optical 
properties (Blandford F.; Kiinigl, 1978; Blandford F=. Rees, 1978). The 
consequence of looking down the beam will be that special relativistic 
effects increase the luminosity and decrease the variability time - 
scale. In terms of the accretion model, if the cooling is inefficient 
at a gas temperature of '\IO4K, the gas will heat up and become re- 
lativistic, escaping along the rotation axis. If there is no 
surrounding gas to reabsorb it, the high polarization which reflects 
the magnetic field geometry in the central regions will emerge un- 
altered. The spectrum and polarization depend on the details of 
the emission mechanism, but the existence of beaming can reduce the 
brightness temperature and luminosity constraints on BL Lac objects. 
4.2 Energetics 
4.2.7. Infrared Luminosity 
There are lï objects in the sample with measured redshifts, and 
assuring the cosmological interpretation of their redshifts, the 
infrared luminosity in the rest frame of the EL Lac object is given by, 
L(v) =41r(Iz)2 (1+z)`'F(v/(l+z)) (4.15) 
A. Friedman model with cosmological constant A = O is assumed, 
-1 -1 
a.nd. luminosities have been calculated ': i'Lî; P:.'pC aiìc'. 
O ^o 
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= 1, Choosing go = 0 would prodnee a factor of approximately (1+ 
z/2)2 increase in the luminosity (brattig, 1958).. Infrared luminosities 
using the brightest K measurement for each object are given in Table 
4.1 The observed 2.2prr, fluxes are converted into 2.211m fluxes in 
the BL Lac rest frame by 
F(v/(1+0) ,= F(v) (1+z)a (4.16) 
where = is the near- infrared spectral index (a) taken from Chapter_ 
Three. For BL Lac -type spectra, the flux distribution -dependent 
part of the K- correction is expected to be small. The tern (l +z)3 
in equation (4,15) represents the cosmological 'tired light' term, 
and the technical effect of the decreased bandwidth of the filter in 
the BL Lac object rest frame. The term (l +z)a corrects for the fact 
that the K band samples a different part of the energy distribution 
of a redshifted object. Table 4.1 contains the redshift distance 
(dL), the maximum 1 -211n. luminosity observed, the range of luminosity 
and the number of separate observations of each object. The most 
striking feature is the enormous range of infrared luminosities in 
the 11 objects studied: a factor of 70,000. At the low end there 
are objects like 1727 +503 with LIB = 7.9 x 1043erg /sec (2 x 1O10Le), 
which is a. normal infrared flux for an elliptical galaxy. By con- 
trast, 3C446 has a peak luminosity of 
LIF 
= 5.5 x 1048erg /sec, making 
it one of the most luminous objects in the universe. Figure 4.1 
shows the distribution of redshift against luminosity, and the selection 
effect in favour of more luminous, distant sources is apparent. The 
luminosity spread is vastly greater than the amplitude of variability 
in a given object; the most extreme archival variability is ti6.7mag 
for 3C279 (a factor of ` e00) observed by Eachus and Liller (1975). 
It is therefore reasonable to question whether the objects like 1&501, 
AP Lib, 1727 +503 (and BL Lac itself) are the same as the three ultra- 
luminous objects 0235 +164, 1308 +326 and 3C446. The 11 sources all 
have the common properties of variability, polarization, infrared 
excess and power law spectra; these are the features which indicate 
a non -thermal emission process, and which lead to a EL Lac classifi- 
cation. Line features vary considerably. Sources like AO 0235 +164 
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have strong absorption features but no emission lines , these like 
1400+164 and 2155 -304 have very weak emission features which are 
only tentatively identified, and 30446 has strong emission lines 
with similar exitations and abundances to normal (ISO's. Hower- , 
emission and absorption lines are considered of secondary importance 
in the classification of }3L Lac objects, because they are created in 
regions well away from the continuum source. The estimates of con- 
tinuum =.uninosity are conservative for several reasons. First, a 
cosmology with qo = 0 will increase the energy, by 2 factor of 'u3 for 
3C446. Second, only a limited infrared bandwidth has been used. For 
a spectral index of a = 2, the power per fractional bandwidth at 2,2p7û 
is ti10 times greater than the power per unit bandwidth in the optical 
regime. If, as has been shown by Elias et al. (1978), the strong 
radio and millimeter fluxes for BL Lac -type objects form a smooth 
extrapolation of the near- infrared. data, then most of the energy is 
emitted in the wavelength range 1 -100pm (in the absence of a strong 
hard X -ray component). The total luminosity may be increased by 
several orders of magnitude. Photometry and variability studies 
beyond 10pm will be extremely important in fixing the bolor etric 
luminosity of these sources. Another conservative parameter in the 
discussion of energetics is the minimum tii escale of variability, 
which in this study was fixed observationally at 1 day. At least 5 
of the 11 EL Lacs show evidence for variability on a tirescale of hours 
in the optical (0851+202: Wolstencroft et al., 1980; 130E +326: 
Puschell et al., 1979; 1514-241: Miller et al., 19 2155 -304: 
Snyder et al 1980; 2223 -052: Stockman & Angel, 1 :.! 8), Therefore, 
the adopted value of tMIN is 
likely to be an overestimate. The 
energetics of the sample are now discussed in terns of the theories 
outlined in Section 4.1, 
4.2.2 Energy Supply 
It is clear that the total energy in an outburst of a high red - 
shift BL Lac object generates much more energy than a supernova. 
The supermassive star hypothesis also fails, because the radius of a 
stable configuration is >100 times the Schwartzschild radius (Wagoner, 
1969). The variability timescale should be greater than observed, 
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and the star should shine at well above the Eddington limit. The 
only tenable models involve compact, coherent objects with special 
accretion geometries. Stellar collisions can contribute a negli- 
gible fraction of the necessary energy. For a virial situation 
with 2EKIN +EGRAV = 
0 and an average velocity v =1/Erk7F, the number of 
collisions in the cluster is 
n = nOVN 
coli 
(4, 7.7) 
when n is the stellar density, o is the geometrical cross section, 
and N is the total number of stars. For N = 107, r = 1015cm and 
v = 50kres -1, there are <10 -10 collisions per year. Considering 
3C446, and moving on to energy generation from accretion onto com- 
pact objects, the dimension of the source corresponding to the minimum 
variability timescale is given by 
` 




which corresponds to the Schwartzschild radius of a 3.6 x 109Me 
(4.18) 
black hole. The Eddington luminosity for this mass is 5 x 1047 erg /sec 
which is exceeded by a factor of ten by the observed IF luminosity. 
The Eddington limits are also exceeded by AO 0235 +164 and B2 130E +326. 
Figure 4.2 shows a graph taken from Elliot and Shapiro (1974) , with 
the minimum timescale of variability shown as a diagonal line. The 
three highest redshift objects fall below this line, and the only 
other objects which fall near are EL Lac, 3C454.3 and 0537 -441 (see 





for an efficiency e ti 0.1. Since swallowing stars whole is an in- 
efficient way of getting energy out of the black hole, this fuelling 
rate represents an enormous amount of gas being accreted. 
Ordinary 
stellar mass loss processes in a galaxy are insufficient, the 
gas 
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must be supplied by stellar disruption in the dense core of the 
gravitational well. Given that tix.M can be torn from each star, 
o e 
ti10`' stars /year must be pulled to within the Foche tidal radius given 
by equation (4.11), 
F 
rT ti 2.8 x 1011p,1)o cm. (4,20) 
This important result means that the total disruption radius 
lies well inside the Schwañtzschild radius. Therefore, a star is 
swallowed whole before it can have its atmosphere removed and swallowed, 
and there is no efficient way of generating the gas to fuel the black 
hole unless a large proportion of the stars are giants with M > 10/1 
0 
. 
This verifies a suggestion by Frank (1979) who argued that the mass 
supply for the most powerful quasars cannot come from stellar dis- 
ruption or collisions in the dense core. This dilemma is only eased 
by relaxing the assumption of the Eddington limit, and adopting super- 
critical accretion. Although the limit is based on a spherically 
symmetrical geometry, its use is supported by the upper bound on the 
luminosity of binary X -ray sources (Gurshy, 1973; Margon and °striker, 
1973). 
. 
Sheku.ra and Sunyaev (1973) have also argued theoretically 
that the accretion rate will automatically regulate at the value 
appropriate to the Eddington Limit. Various accretion schemes have 
been proposed which. exceed L 
e cid' 
Using the 'cosmic whirlpool' 
mechanism of Lynden -Bell (1978), Jaroszynski et al, (19 ?... have 
modelled a thick disc (thickness large compared to radine from the 
hole) rather then the usual geometrically thin disc. The gas flows 
from this disc, which is in hydrostatic equilibrium, along a thin 
supersonic stream onto the black hole. Most of the radiation is 
emitted through the walls of two funnels close to the rotation axis, 






from Abramowicz et al. (1920), where r0U, 
inner radii of the thick part of the disc. 
to be exceeded by several orders of ciagnit 




are the cuter and 
It is possible for Ledd 
ude. However, this and 
are vulneraleie to instabiiitîEs. 
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If L /Lead " 100, then a vast majority of the energy is channelled 
along the rotation axis; and a 1% instability would be sufficient 
to disrupt the hydrostatic equilibrium and blow the disc away. In 
addition, stability must be maintained for >106 years. It is clear 
that all accretion models have difficulty accountingfor the three 
most luminous BL Lac objects. 
An alternative way of reducing the energy budget is for the 
emitting region to have a bulk relativistic motion towards the ob- 
server. This effect was proposed by Rees (1978) to explain the 
burst of AO 0235 +164 in 1975, when it reached a peak luminosity of 
>2 x 1048erg /sec. A bulk Lorentz factor of T will reduce the 
luminosity in the comoving frame by r 
2 
, if the observer is in the 
emission cone. The idea of relativistic beams was first postúlated 
by Blandford and Rees (1974) to explain the apparent continuous 
supply of energy from the nucleus of a radio galaxy to its outer 
lobes. Beyond the accelerating "nozzle ", the relativistic particle 
energy in the beam of width r is converted into bulk kinetic energy 
with a Lorentz factor Tar. One of the implications of the "beam" 
model of BL Lac objects is that they represent a preferred. orientation 
of the observer, looking down the rotation axis of the central power 
source. This is essentially a kinematic effect. 
4.2.3 Total Energy 
It is possible to estimate the total energy requirement for a 
luminous source such as 3C446 during the cumulative duration of its 
active phase. From 14 observations at 2.241m covering 12 years, 
Neugebauer et al. (1979) found a range of magnitudes fror 11.:0 to 
>14.1 for 3C446. The mean value is 12.92, which accounts to first 
order for the duty cycle of high and low flux levels. Assuming a 
similar spectral index to that ford in this work, the appropriate 
a 
IR luminosity is 2.2 x 1048erg /sec. In Figure 4.2 the available X- 
ray, optical, infrared and radio fluxes are plotted over a range of 
10 decades ir frequency and nearly 10 decades in flux. The well - 
studied quasars now have an enormous observational baseline. By 
interpolating a smooth continuo:- between the measured points it is 
possible to estimate a bolometric luminosity, though it can only be 
-140- 
an order of magnitude estimate because of the interpolation, and 
known variability-from radio to optical wavelengths. The integrated 
flux is, 
LEOL 
tv 4 x 1049 erg/sec (4.22) 
The majority of this energy is produced from 1- 100pm, and the 
radio and X -ray fluxes make only a small contribution. Therefore 
the wavelength range of interest is tantalizingly inaccessible to 
ground- based observations at present. A wide range of active 
galactic nuclei have their maximum energy output in the far infrared 
region (Rieke z Lebofsky, 1979). 
To estimate the total energy output it is necessary to know the 
fraction of its lifetime a quasar spends undergoing violent activity. 
This can be done by assuming that quasars reside in the nuclei of 
galaxies, and comparing the relative nurbers of active and non-active 
galaxies in a given class. de Vaucouleurs and de Vaucouleurs (190F) 
found that about 1% of spiral galaxies showed Seyfert characteristics, 
implying a. tinescale for Seyfert activity of ti.l0S years. For radio 
galaxies, it has been shown that "l0 -2O% of elliptical galaxies have 
radio emission, and that both the proportion and the radio luminosity 
increase with the elliptical °s absolute magnitude (Colla et al., 1975). 
Radio galaxy emission. therefore lasts til09 years. It should be noted 
that these arguments cannot distinguish between one period of activity 
in the lifetime of a galaxy and recurrent activity. Inevitably, the 
nature of the galactic component of quasars is uncertain, but where 
spectroscopy of the nebulosity surrounding low retishift EL Lac objects 
is possible, the evidence is always consistent with an elliptical 
galaxy. Since growing continuity arguments point to the similarity 
between the Seyfert and quasar phenomena (5';eedman, 1976) , the active 
cycle can be scaled by the ratio of average Seyfert /quasar luminosities 
giving a quasar lifetime of '1,10 
6 
years. The total energy output 
during the lifetime of 3C4:46is therefore 
0 
ETOT 
ti 1 x 106`ergs (4.23) 
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Even as an order of magnitude estimate, this is a phenomenal 
amount of energy, equal to the amount of energy entrained in the 
particles and magnetic fields of the most luminous and extended radio 
n 2 
galaxies. It is equivalent to rvl014L for 106 years or ".10"M c , 
e 
Given s rt0.1, it is clear that only the most extreme kind energy 
source can process 1010 stars and emit the prodigious power seen in 
30446. 
4.2.4 Range of Properties 
For the B low- redshift sources studied, accretion onto a massive, 
compact object can account for the observed infrared luminosity, 
only the three high -redshift sources pose any problem, which can be 
eased by invoking a bulk motion of the emitting volume, The range 
of IR luminosities is large; it is important to see whether the three 
extreme sources have any other distinguishing properties. The dis- 
cussion is brief, because the sample is very incomplete. 3C446, 
1308 +326 and 0235+164 are extreme in many of their other properties 
too. They are among the intrinsically brightest sources known at 
2700 MHz (l0 35 erg /sec /Hz) , which verifies the non -thermal nature of 
the continua. From plate archives, they all have large amplitudes 
of variability (30446: AB > 6.0, 1308+326: LB > 4.5, 0235 +164: AB > 
5.2): these are among the largest known, From the data presented 
here, they are all highly polarized. Of the 17 objects studied, 
they form three out of the four with the largest polarization fluct- 
uations. There is no evidence for a preferred position angle, large 
swings occur on a tirescale of months. Part of the range of para- 
meters is undoubtedly because they are well- observed, but in all res- 
pects they represent the most extreme BL Lac objects,. 
The Scott effect biasses any BL Lac sample with objects like the 
three above; they are likely to be exceptionally rare, At high 
redshifts, the steep optical continuum is redshifted through the 
visual band, and such objects will be difficult to identify optically. 
In fact, almost all BL Lac objects have been discovered by their radio 
emission. Although there are strong effects against optically 
selecting Lacs (thy: most commonly used techniques of ultra- violet 
excess and objective prism spectroscopy are not appropriate) , the 
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presence of radio emission is not entirely due to selection effects. 
The fact that all BL Lac objects have non -thermal radio emission 
supports the premise that non -thermal processes are also responsible 
for the polarization. 
In summary, the properties of variability, high polarization and 
extreme redness are common to the whole sample, indicating that the 
emission process is the sane in all BL Lac objects, The three 
luminous sources only differ in the degree variability, etc. The 
span of lurino.sities is enormous and it is uncertain whether a single 
compact object in different accretin.f environments can account for 
the range, without reducing the intrinsic luminosity by "beaming" 
effects. The three luminous sources provide the most stringent test 
of the available theories. 
4.3 Emission Mechanisms 
Emission mechsnisrrs for the infrared flux in BL Lac objects are 
discussed, with special erphasis on those which can explain rapid 
variability and high polarization. The small volumes around the com- 
pact centres of BL Lac objects contain relativistic particles, highly 
ionized matter, magnetic fields and electron tretic radiation. The 
interaction of these constituents can produce electromagnetic radi- 
ation in a variety of ways: synchroton emission (electrons in magnetic. 
fields), inverse Compton effect (scattering of photons by electrons), 
bremmsthahlung or free -free emission (collisions of electrons with 
ions or atoms),y rays through n- production and decay (collisions of 
protons with nuclei). In addition, the radiation will be modified 
due to propagation effects of plasma, dust and particles along the 
line -of- sight. 
4.3.1 Incoherent Synchroton Emission 
The canonical theory for the emission in extragalactic sources 
has become the incoherent synchroton process, ever since the light 
fror, the Crab Nebula was proposed to be radiation from high- energy 
electrons gyrating in a magnetic field (Shklovsky, 1953).. The dis- 
covery of strong polarization in the optical emission by Vashakidze 
(1954) and Donbrovsky (1954) con 'irr.ed the hÿpothesis, 'Since then 
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the synchroton theory has been ex tendcr.' with success to explain 
the power-law spectra of extragalactic radio sources (Shklovsky, 
1961) , and the flat spectra of compact sources which are believed 
to be a superposition of many components of varying optical depth 
(} ellerman. Ft. Pauliny -Toth, 1968) . Synchroton emission has been 
adopted for all quasars, though this interpretation is not compelling. 
For instance, most optically selected quasars show no clear evidence 
of synchroton radiation at any frequency (only til( are detectable 
as radio source: (Murdoch & Crawford, l977)). Al in most quasars, 
radio -quiet or radio -loud, the IR /optical continuum is not highly 
polarized (Stockman & Angel, 1978) , not highly variable (Bonoli et 
al., 1979) , and not a simple power law (Neugebauer et al. , 1979) . 
The interpretation is most secure for the BL Lac objects. Synchro- 
ton emission has been discussed extensively in many review articles 
and textbooks, notably Westfold (1959) , Jackson (1962) , Ginzbu }g and 
Syrovat -skii (1964, 1965), Bluhnenthia and Gould (1970) and Tucker 
(1975). In this section the spectrum and polarization properties 
of incoherent synchroton radiation are summarized. 
A relativistic electron (E = yr" c2) being accelerated and 
radiating in a uniform magnetic field B will describe a helix with 
pitch angle a between the velocity and x gnetic field vectors. The 




The velocity vector therefore describes a cone about the 
direction of the field, and observers on the surface of this cone far 
from the emitting particle would record radiation pulses at intervals 
T ti 2ir /w L and of duration At 't' 1 /y. The radiation spectrum therefore 
consists of harmonics of the gyration frequency WL, and since T »At the 
spectrum is continuous and the maximum corresponds to the frequency 
ti3eD 2 3 3 
osc n K 




For the highly relativistic case (y » 1) , the power per unit 
frequency range emitted by each electron is given by (Rybicki 
Li¿ihï 'i?_T?, 1979) 
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P{ } 
IT ß sina 
F 
w FM = 2w 2 twc) 
mc 




1y 2e4F1 2 
tot 
3m2c3 3xa2c3 mc2) 
(4,26) 
(4027) 
From Figure 4,4 it can be seen that the E- vector of the radiated 
wave describes an ellipse in the plane perpendicular to the plane of 
the observer. The synchroton radiation from individual electrons is 
generally elliptically polarized, When Y _ 0, the polarization be 
comes linear because the wave vector lies on the surface of the velocity 
cone. For large `Y, the radiation approaches circular polarization but 
the intensity diminishes rapidly when T » The polarization of the 
spectrur, of an individual relativistic electron has been calculated 
by Westfold (1959) , and the total and polarized fluxes as a function 
of frequency are plotted in Figure 45, 
co 
F(X) = x j K5/,(1) dri 
Fp(?:) = I72/3(}:) (4.29) 
where x = w /wc, and K5/3 and Fi2/3 are the modified Bessel functions 
defined by Abramowitz and Stegun (1965), Chapter Ten, The polariz- 
ation, which by convention is labelled. IT is given by F(x) /F(x), 
These expressions can be generalized into the power emitted parallel 
and perpendicular to the component of the magnetic field in plane K 
(directions end £2 in Figure 4 4) , 
1 





(;I.iia = F(x)-r ( ] (ç:il, 
dw 2c 1= 
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with the total power per frequency interval giver by the sum of the 
above (Figure 4,5), 
3 
P(w) = 




The radiation from an ensemble of particles can be considered, 
and since the emission is incoherent, the Stokes parameters are addi- 
tive giving, 
I(o), k) _ 




J(G, k) _ -- 
2 
B Sina Cos2X Fp(x)N(E,r,k)dE dr 
2Tmc 
iiTe 3 





where a is the angle between k and E, x defines the position angle 
reference frame, and the distribution of particles N(E,r,k) will in 
general depend on the distance r. Korchah and Syrocat -skii (1961) 
have shown that in the ultra- relativistic case, V(w,k) = O to order 
Y(= E /mc2), The absence of elliptical polarization is intuitively 
obvious since the total emission does not depend on the sign of 4', 
and for any distribution of particles the positive and negative values 
of 'Y will cancel out. Thus the polarization will be linear. Only 
in the unlikely case of extremely anisotropic velocity distribution 
would there be a component of elliptical polarization. 
The most important example of electron energy distributions is the 
power law defined within the limits El< E < E2 
N(E,k)dE = Y.(k)E-paT (4,36) 
where N(E,k) is the number of electrons along the line -of -sight per 
unit solid angle. For the power law approximation to be valid, the 
limits E 
1 
and E2 must be such that E < E1 and E > E2, i,e, energy 
outside these limits is negligible. In cosmic radio sources this 
approximation is true over a large energy range, and in BL Lac objects 
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it is almost always true in the region 1- 100pm. To evaluate 
equations (4,33) - (4.35), the integrals over F(x) and F(x) are 
used as given by Westfold (1959) . First, it is noted that for an 
isotropic and :mogeneous electron distribution, 
pl(E,r,I.) = 4 Pi(E) 
where N(E) = KE -PdE, which gives 
K(k) = K 
(4.37) 
" (4 3) o
where L is the dimension of the emitting region along the line -of- 
sight. The Stokes parameters of the ensemble average are, 
I(w,k) = pp+13 
a(v,p)f(B Sina)(p+1)/2dV 
Q(w,k) = -97(v,p) f (B Sina.) (p+1)/2Cos2Xdv 
(4.39) 
(4.40) 



















and r(x) is the Euler gamma function of argument x. These relations 
are only fulfilled under the condition p > 1/3. The function ¢(V,p) 
is not generally easily expanded, but Westfold has tabulated the case 
p = 5/2 (Figure 4.6), The degree of polarization in a homogeneous 
field is given by equations (4.39) - (4.41) and the relation p = 





Th] s 7.r~:portrr.t result renns ti:<t fnr a povrer lr_r distribution of 
electrons in a homogeneous magnetic field, the degree of polarization 
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only depends on the exponent of the energy spectrum Finally, from 
(4.32) and the relations defined by Rybicki and Lightnan (1979) , the 
total power per unit volume per unit frequency is 
>T eJKBsina 3p+19 3t,1 mc )--(p-1)/2 
ptot() - 2 r( 12 ) I'( 12) 3eßsina 2rmc (p+l) 
(444) 
Therefore, a power -law energy spectrum of radiating electrons 
corresponds to a power -law frequency spectrum of the radiation, with 
the important relation 
1(v) v- a, a=1 
2 
(4.45) 
All these results apply to incoherent synr_hrotronradiatien in a 
uniform homogenous field and a vacuum. However, any magnetic field 
distribution can be used in equations (4.39) - (4,41). The assumption 
of a power law energy interval of El } E2 allows the limits of inte- 
gration to be zero and infinity, and for a power law spectrum the 
energy interval with the most radiative power depends strongly on p. 
As p > 1/3, this interval becomes infinite. For most BL Lac objects 
in the infrared 3 < p < 5, so the relaxing of the limits on the inte- 
gral is a very good approximation. In summary, incoherent synchrotron 
emission predicts two of the important properties of the BL Lac objects: 
power law spectra and high degrees of polarization. 
4.3.2 Energy Loss Mechanisms 
Synchrotron radiation has been used to explain the emission in 
extragalactic sources over an enormous frequency range: up to 10 
orders of magnitude (Figure 4.3) . Inev-itably, one idealized electron 
distribution will not account for the spectral shape; in particular, 
the flat radio spectrum is believed to be the sum of several separate 
components. Two features are cormon to almost all spectra of 
quasars and BL Lac objects. At low frequencies (10 - 10 pz) there 
is a steepening which is due to self- absorption, when the surface 
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brightness temperature of the source is comparable to the kinetic 
temperature of the radiating electrons. This becomes important at 
the frequency 
Z 2 1/5 
Vab 
s 
l0(1: ,) (F 0 B) (4.46) 
where F is the observed flux density at 
vabs' 0 
is the angular size 
of the source and B is the magnetic field strength (Pacholczyk, 1970). 
There is thus a low frequency cutoff to the spectrum. The optically 
thick emission is proportional to the source function av5 /2.and is 
independent of the spectral index p (the index differs from the Rayliegh- 
Jeans value of -2 because the radiation is non- thermal) . As already 
shown, the optically thin emission is proportional to the emission 
function, i.e. av- (p 
-1)/2. 
At high frequencies (optical /IR : 1014 - 10 
15 
Hz), the relativistic 
electrons which emit synchrotron radiation may lose energy in a 
variety of ways: brensstrahlung, inverse Compton scattering and synch- 
rotron radiation itself. Al]. these mechanisms are energy -dependent, 
so they will affect the energy spectrum of the radiating electrons. 
The shape of the optical. /IR. continuum will depend on the balance bet- 
ween the rate of synchrotron and inverse Compton losses and the rate 
of replenishment of electrons into the radiating region. Blumenthal 
and Gould (1970) have calculated the losses on the particle spectrum 
from synchrotron radiation. The energy loss rate is given by 
equation (4.27). There are two interesting special cases with rele- 
vance to energetic sources. First, the energy distribution for a 
steady injection of electrons is given by 
e (mc2)2 Y Y-(Y-1) n(E) 
4 co,fU (Y- 1) 
(4.47) 
where aT, is the Thorison scattering cross section, and U is the total 
energy in the radiation and magnetic fields of the medium U = Upb 
B2 /8:. If the electrons have a lifetime longer than the age of the 
source, the density increases with tire as in Figure 4.7a (Fyter, 
1979). For a burst of particles, the energy evolves as 
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ctrTU 
n(E) _- E / 14-z --- t 
o a 0 2 
mc 
(4048) 
where Eo = yomc2 is the initial energy. The time development is 
shown in Figure 4.7óo It should be noted that synchrotron loss 
rates depend on the pitch angle T For an ultrarelativistic electron, 
equation (4.48) becomes, 
















The change of y with time appears to disagree with the electron's 
equation of notion ev.E = dt(yrne2) = 0 because the correction tern. 
for self -radiation has not been taken into account, but the term is 
small. 
At high electron energies, inverse Compton scattering becomes an 
effective way for the particles to lose energy by scattering off 
photons. At high photon energies (rme2 « hv) relativistic corrections 
are ta t and the Eein -* shina formula a re l aces t e classical i.n0r mou. .u. i _ ..p- h,. u











However, at optical and infrared wavelengths ? » ?c and the 
assumption of elastic scattering is normally valid. For relativistic 
electrons, the energy of the photon in the rest frame of the electron. 
is ye and the condition 
2 ye « mc (4,52) 
must be met. The scattered photon energy is yea, so photons of 
enormous energy can he produced, The power lost per electron is 
given by Blumenthal and Gould (1970), 
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_Q 





For the synchrotron case use equation (4,24) and the formula 
2 for the po-,;er emitted. by a relativistic particle P = 2e2/3c3(Y4(al+ 
2 2 
Y all)) where al and au are the components of the four- force, 
P = -43- TcY2f32iTi> 








From a single scattering, the radiation is concentrated in is cone 
of angle 1 /Y2 in the direction of the electrons motion and has an 
energy in the range (Figure 4,8), 
( /4)6 < E' < (02) E 
with a mean -value E = (4Y2/3) E 
(4.50) 
(4.57) 
For a power law electron distribution N.(Y) _ EY -p, the power 






p+4p+11 El-(p+l)/2 E(p-l)/2n(E)dE (4.58) dcdEl 8 
(p-1-3)(p+l) (pi-5) 
Th:. function for a single scattered photon is shown in Figure 4.9, 
showing a distribution which is broad, peaked at ti = 0 and has a 
A A 
centroid f(E1)dc1 = 1/3, The general result (4,58) contains the 
same assumptions as the synchrotron case about the limits of the 
power law spectrum. Jones et al, (1974) have calculated the effect 
of anisotropy where the Compton scatteredflux will be reduced if the 
angle between the electrons pitch angle and the direction of B was 
small, The correction term in terms of this angle p multiplies the 
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FHS of equation (4.53) , 
(corr) = 2- 
(p +1) /2(7- cos)(p + ?)/ (4.59) 
In a cosmic source, the medium is pervaded by both magnetic 
fields and radiation fields, so the contributions of both the Synchro- 
tron and Compton mechanisms are important. Yost of the published 
analyses refer to the radio frequencies; at infrared frequencies the 
balance of loss mechanises is critical. To produce synchrotron 
radiation in the optical and infrared, the electron energies must be 
considerably higher than those needed to produce the radio emission. 
Alternatively, if the electron energies are unchanged the magnetic 
field must be increased substantially. From equation (4.25), 
w2 B1.2 r 
2 
w B1,1 E2 
(4.00) 
Synchrotron losses are a.E1E 
2 
, so particles at very high energies 
and in strong fields are quickly decelerated in a half -life t1(4.50). 
z 







where ws is the typical radio synchrotron frequency, and we is the 
upscattered Compton frequency, and the numerical factor has been cal- 
culated for p = 3. It is clear that the Compton power will dominate 
if Lph »UB, where ;B = J e/á 7rdV over the emitting volume. This 
ratio can alternatively be expressed in terms of the brightness temper- 
ature, TB 
F 
v V ¡ v 
TB )J C C i_1 
1 + C 
F 
_ 







17h@.ì'., V is the il:_L, ._._. :ii_..,. _. .,._ _..]:..f fox a ...._"..Y-:.= one. 'g! cT--'"t='er 
(Kellerman & Pat. Liny -Toth, 1969) . The brightness temperature TB is 
defined as the temperature of the black body which would generate 
the sane flux, 
TB 4:.4 x 1011 
F(;) °K 
I; e2v2 (4.63) 
The significance of the brightness temperature of 1012K is that 
above this vr' ue, Compton losses a:r proportional to (Tg /10 12 10 and. 
by increasing the frequency the scattered photon by by', a large 
amount of energy is quickly lost. 
It is also possible that the magnetic field will vary within 
ourse. If radiation at 
°} i 
comes 
B1, and radiation at w2 comes from 
radiation comes from electrons 
are related. by equation (4.60) 
different emitting volumes of the s 
from a volume V1 of field strength 
V2 with field strength B2, and the 
with El = E2; then the frequencies 
and the fluxes are related by 
F2(w2) V2 B2 
rwl 
F1(w1) V1 B Iw 
1 2) 









These relations apply if a small volume V2 within V1 has a field 
B2 » B1 and high energy cutoff which prevents the electrons in V1 
radiating near w2. 
Finally, in very compact sources where Up and UB are both large, 
the electrons may Compton scatter the radiation,they have just pro- 
duced by the synchrotron mechanists. This is called synchrotron self - 
Compton radiation, and it increases the photon energy to hw ti 
yob. 
(ui, given by equation (4.24)). It has been considered for several 
sirple source geometries by Jones et al, (1974) . 
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4.3.3 Propagation Effects 
So far, the medium in the source and along the line -of -sight 
has been treated as a vacuum. sore precisely, the medium is a 
tenuous neutral ionized has or plasma.. The plasma frequency and 










= (i-w2 /w2)' 
(4.65) 
(4.66) 
where n is the electron density (cm ") . In the optical /infrared 
region w « w and nr _ 1, so the complex pr :pagation effects which 
must be taken into account at radio frequencies can be neglected. 
In particular, since nr = 1 no Cerenkov radiation is possible. Also, 
the Eazin effect which suppresses beaming in a plasma of nr < 1 is 
negligible because the bearing angle in a medium 
6E 
/l -nr32 reduces 
to the vacuum case 8E ti /i -0 ti 1 /y. However, in an inhomogeneous 
source, there may be propagation effects within the emitting volume. 
If the component of the magnetic field along the line -of -sight charges 
with depth in the source, then the plane of polarization can rotate by 
an amount 
Lß = 
3 d 3 
2?. 2 ' nLII ds = 2 J{ r_c cICos0, mc:._ o m c w' (4.67) 
where u 
c 
is the number density of cold electrons, and 2 is the thick - 
ness along the line -of- sight. Since LO a w -2, there is negligible 
Faraday rotation of infrared frequencies in the intervening medium. 
However, if the direction of D changes within the source such that Lc 
1 radian, the radiation will be depolarized. The existence of high 
polarizations in FL Lac objects means that LO must be small, both 
within the source and along the line -of- sight. The subtle effects 
which can alter the polarization of radio sources h. :e been treated 
by Jones and O'Dell (1977a;b) and Wilson (1980), but they are neglig- 
ible for w » The only other a3.tecatici ] _L..., c2 .. . 
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polarization would be if there was a significant optical depth of an 
absorbing material such as dust. 
4.3.4 Source Evolution 
The previous formulae apply only to quasi -static synchrotron 
theory, which is valid when the source parameters (je, E, y, n(s), 
-etc.) vary very slowly over the period of observation. However, 
there is direct evidence for violent activity and bulk motion of the 
emitting region in many sources similar to BL Lacs, The dynamics 
of an expanding source will be complex, but simple relations can be 
derived for the case of spherical symmetry and isotropy. If a 
volume of dimension R containing magnetic fields and relativistic 
particles expands, the flux is 'frozen' and is conserved as 
(4.68) 
The particles cool adiabatically (if the expansion slow) 
according to dU + pdV = 0, where p = U /3V for a relativistic gas. 
This leads to 
U , *-1/`' n 
-1 
If N(E) = HE -p, then H ti R-(134.2). Using equation (4.29), which 
gives I(w) a g(p 
+1)/2 
aid the relations above, 
R-` (4.70) 
Therefore adiabatic losses are very important, and a large energy 
reservoir is needed to supply an expanding source. Conversely, if an 
emitting volume is compressed (e.g. by a shock.) the emission is also 
changed substantially. For relativistic particles U a y, so from 
, 
(4.69)y a R 
-1 




Fron equations (4.25) and (4.50) , the critical frequency and 
-á 5 
synchrotron loss times. go as weep. Eed t,aR` . In addition the 
a 
synchrotron and Compton loss rates vary as F 
S 
aR4 and F 
c 
aR so a 
large amount of energy can in principal he liberated from a shocked 
region in the source. 
Recently, models for reducing the energetics problems of vari- 
able quasars and explaining the variable radio structure have centred 
on relativistic jets and bull: notion of the emitting region produced 
by relativistic blast waves. As mentioned before, a Lorentz f 'tor 
r of the emitting region towards the observer will lower the luminosity 
0 
in the conoving frame by r 
2 
, the brightness temperature by and the 
total mass -energy required by r4. Ways of realizing this kinematic 
effect dynamically have been studied by Blandford and Rees (1978), 
Blandford and McKee (1977) , Blandford and I:Cnigl (1979) , Christiansen 
et al. (1978) and others. Many of the processes involve non-linear 
systems and there are many free parsaeters. More work is needed to 
extend geometrically simple models to the complicated radio structures 
seen by VLBI. However, several lines of evidence indicate that BL 
Lac objects can be explained by incoherent sychrotrom radiation from 
relativistic electrons with a moderate (y$ ti 1) relativistic expansion 
of the compact components. 
First, and ineeendent of the emission mechanism, relativistic 
separation velocities are present in some sources. The observatirns 
are well summarized by Cohen et al. (1977) and I ellermen (1979) , and 
the various interpretations are presented by Blandford et al. (1977) . 
Second, the low frequency (< 1GIiz) variability timnescales for some 
radio sources are so short that the radio brightness temperature, based 





K. The highest value of T is >10y (McAdam, 1979) and. "l0% 
of compact radio sources show this behaviour (Condon et al., 1979). 
Screen models have been proposed. to explain the variations, but they 
are at odds with the high percentage of sources with TE > 1012K. 
Relativistic notion with moderate r(= 5 -10) can bring the inferred 
values of T B 
in line with synchrotron theory. In the cases studied 
by BuYL gé c al. ( C' . ) the r+., .-rra- _ r. i.r_er7 -o0 frcTi isotropic 
synchrotron emrissier is less than could be inferred from equipartition 
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between naÚ etic and electron energies. The dynamics appear to be 
particle dominated, and in the absence of external pressure or a con - 
fining medium, relativistic expansion would result. These obser- 
vations are critically dependent on a large power of the inferred 
angular size of the source. Finally, the lack of Faraday depolar- 
ization places limits on the number of non -relativistic electrons 
in compact sources (Jones & O'Dell, 1977e). From a lack of 
differential rotation at two radio frequencies 
n r.el 
>6.5 x 10-10 
(n 
tan 1 (p = 3.0) (4.72) 
C tX J 
where e is the angle between D and the line -of -sight and LX is the 
differential Faraday rotation, observed to be <0.5 rads .ms (Wardle, 
1977). From this analysis 
' nrel /nc 
> 104, which is indirect evidence 
(independent of E) for a shock propagating through a thermal plasma. 
The electron spectrum which is more applicable to this result than a 
power law is a relativistic Maxwellien, 
N(E) = N E`c,-E/I:T 
o 
(4.73) 
Plasma temperatures of ti1o12i are needed to produce this dis- 
tribution (Pacholczyk, 1970). It should be remembered also that 
relativistic rotions of the emitting region towards the observer 
reduce the energetics problems discussed in Section 4.2. 
4,3.5 Other Emission Mechanisms 
Several alternatives to incoherent synchrotron radiation. have 
been explored, mostly to avoid the inferred problems of variability 
timescales, brightness temperature and the associated Compton problem. 
They have not yet been as fully developed as the canonical model, but 
can reproduce the basic properties of power -law spectra. They will 
only be considered here in as far as they predict the polarization 
properties of DL Lac objects. A coherent emission mechanise: based 
cn plasma oscillations has been proposed by Colgate et a .l. (1975) and 
Petsehek et al. (1976). Coherent radiation at u = 2t is generated 
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and scattered in frequency by non -thermal plasma oscillations in a 
hot thermal gas (k ti m 
e 
c`) , The spectrum above a critical fre- 
quency (v ti 1011Hz) is normal Compton scattered from the hot plasma. 
Producing high polarization is a problem. for this model, because each 
optical /infrared photon is multiply Compton scattered. The lack of 
observed Faraday rotation sets a severe limit of B < 10 -7G on the 
magnetic field, and it has not been demonstrated whether photons 
scattering off the plasma oscillation can become polari,'.. `.'. In any 
case, high po _ .rizaticns would require the plasma K- vectors to be 
highly anisotropic. The non- relativistic Compton scattering model 
of Katz (1976) may produce linear polarization, but the amount is 
geometry dependent and will be high (>20%) only in cases of extreme 
anisotropy. Thermal dust emission ecn be ruled out for BL Lap ob- 
jects because the dimensions implied by the variability timescale 
rule out all dust models. The example of the Seyfert NGC106 8 was 
considered by Bu.rbidge and Stein (1970); the limitations for BL Lac 
objects are orders of magnitude more severe. A general critique of 
thermal models is given by Jones and Kellogg (1972) . 
4, 4. Details of the Observations 
In this section the characteristics of infrared flux, variability 
and polarization are extracted from the data. Initially, they are 
interpreted in terms of the canonical model of isotropic incoherent 
synchrotron emission. In most cases the data does not require any 
more sophisticated model, but in a later section the ideas of relati- 
vistic 'beaming' are included and the infrared observ,::' ions are merged 
with the other data which indicates 'beaming'. 
4,4,1 Luminosity and Variability Timescale 
For the case of isotropic emission, some parameters can be de- 
fined which are independent of the exact emission process. As in 
Cavaliere and Morrison. (1980) define 
L/R = (1+z)LIR/ctVAFt 
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L/R defines the optical depth for photon -electron collisions 
in a region. of energy density V; the number of collisions expected 
will be 
L45= L /1045ergs s -1 
(Te)N oT(hV) 
R = 3 x 105L4 
5/R15v15 R15= R /1015cm. (` 75) 
V15= V /1015Hz. 
where the photon density is W /hv. In the extreme relativistic. case, 
the optical depth is reduced by the fractional energy loss per 








This interaction rate applies both to inverse Compton losses and 
synchrotron losses. The transition from inverse Compton to synchro- 




The synchrotron cooling time for the electrons is given by (4.50) , 
and this can be compared to the electron crossing time of the source 
(v ' c) . These five parameters are listed in the first five c e' :ns 
of Table 4.3. The parameter L/P indicates that in all cases the 
optical depth T 
2 
to radiation transfer is large. The compactness of 
BL Lac objects leads to efficient energy loss from the high energy 
electrons, and is the basis of the 'inverse Compton catastrophe' as 
described by Hoyle et al, (1966), In Table 4.2, the magnetic field 
necessary to make U1. > U 
p 
is listed in which case synchrotron losses 
dominate. For the most luminous sources, B ti 104G is necessary to 
prevent excessive Compton losses. The inevitable result, independent 
of emission mechemism, is that the radiative lifetime of an electron. 
tx is far less than the travel time across the soi:.rce P/v (V q, c) . 
As pointed out by Llandford and Pee.; (1978) , 'spent' electrons will 
rapidly accumulate and cut -off photon emission by drastically in- 
:creasing- the Thomson optical depth. 
Since the energy du. °ir!e 
te, 
is Lt the number of electrons 
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contributing to this energy is LtVAP. /Ync 
2 
N, where N is the nur,:ber 
of reacceleraticns. Given a Thomson optical depth TT 
- necT /R2' 







Typically, this leads to N > 100 for Y ti 50 (which is low enough 
to ensure the predominance of synchrotron over Compton losses) . The 
luminous sources can only remain optically thin if the electrons are 
re--- ycled many times. Another constraint is that the density of 
'cold' electrons should not be sufficient to Faraday depolarize the 
continuum flux. For a number density of LtVAR /Tmc2 P2, the rar'aday 




Ym3 c4w 2R7 
tVAR. 2e3Bli 
(4.79) 
This limit is not severe at infrared wavelengths, but in the 
radio regime (w 108Hz), the variability tia.escale must be days c 
the condition A6 ti 1 radian is not satisfied. The result of these 
simple arguments is that the eight BL Lac objects with redshifts and 
infrared variability tim.escales split into two groups. The luminous 
group (0235 +164, 0735+178, 0x287, 130:1326 and 30446) require magnetic 
fields >1000G, have very short synchrotron cooling times and require 
reacceleration of the electrons if the variable, polarized flux is to 
emerge. The other three sources are explicable in the isotropic 
model for smaller magnetic fields; and although t ?. < <: R/v in all 
cases, the energy density is smaller and reacceleration is not required 
to keep the opacity to Thorson scattering low. The problems of the 
luminous sources have been tackled in two ways. Blandford and Pees 
(1978) have proposed relativistic bulk motion in a beam of opening 
angle r ` (where r is the bulk Lorentz factor) . A moderate factor 
of r = 10 would reduce tinescales and luminosities in the proper frame 
to values in agreement with brightness temperature and Compton- 
scattered Y --ray limits. The problems are then transferred onto 
finding L1 îî%Q .CY »vnÿ n re 
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and Morrison (1980) have avoided collimated beaming at small 
pitch angles (T < 1) and propose continuous reacceleration in 
the emitting region itself. The rate of reacceleration balances 
the rate of radiative loss in the extreme equilibrium situation 
they dee ::. ibe, The acceleration mech<..:.sm must be very efficient. 
It is central to the previous discussion that synchrotron 
losses dominate Compton losses in luminous BL Lac objects at 
infrared wavelengths. Since the .ht.gh magnetic fields and short 
radiative lifetimes of Table 4,3 are a direct result of this 
condition, it is worth studying the role of Compton scattering 
in more detail. The synchrotron interpretation of the optical/ 
IR continuum in BL Lac objects is quite secure. It is based on 
the high polarizations observed and the fact that the spectra are 
well fitted by a power law which extends smoothly through the 
infrared and sub -millimetre points to the high frequency radio 
data. BL Lace are the only extragalactic class to show 
simultaneous outbursts in the optical and radio regions, where 
the synchrotron interpretation has been confirmed. 
At radio wavelengths, the maximum brightness temperature of 
a source emitting incoherent synchrotron radiation is 10 
12 
K 
(equation 4.63). Above that level, the source will rapidly lose 
energy by Compton losses and radio photons will be up- scattered 
by a typical factor of y2 into the X -ray region, The ratio of 
Compton to synchrotron flux is a sere. ;itive function of the 
brightness temperature (equation 4.62), which is itself a function 
of the observed angular diameter e. Therefore the expressions 
for the magne c field and electron Lorentz lectors are poorly 
determined unless the angular diameter is accurately known. 
Consequently, the procedure is often reversed and limits on the 
X -ray flux are used to put limits on the equipartition field. 
At infrared wavelengths, the energy density of some BL Lac 
objects will also lead to excessive Compton X and.y -ray fluxes 
unless the magnetic field. is appropriately strong. Consider the 
most luminous source in the sample, SC446. From rigure 4.3 and 
the 2.2uw fluxes in Table 3.4, the infrared/optical spectrum of 
-1.61- 
3C443 is well represented by a power law of slope -1 and a 






. The luminosity distance is 
5620 "pc and the variability tiru.escale defines a source dimension 
of 1..1. x 1025cm. Tiling the limits of the spectrum to be 0.3 - 
20nrm and using the approximations of Rieke and Weekes (1969) to 
-2_ 




at 1018Hz (ti4KeV) . This corresponds to almost 600 times the 2- 
6KeV sensitivity of the UI?URU catalogue, where 3C446 was not de- 
tected (Giacconi et al., 1974). Therefore the source is con- 
strained to have no Compton- scattered X -ray flux, leading to the 
requirement that UB > Uph and the magnetic field is large 
(equation 4.77), 3C446 is among the extragalactic sources which 
have been detected by the sensitive Einstein X -ray telescop, 
Tananbaum et al. (19'79) quote a measurement in the 0,.23- 1,8keV 
band of 1,5 x 1.0- 33Wm;. 'Jtz -1, Similarly severe X -ray limits have 
been set for the rest of the sample, except 2155 -204, which was 
originally detected as an X-ray source (Schwartz et a1 1979; 
Mushotzky et al., 1978 ; Agrawal Rc Riegler, 1979)c The origin 
of the X -ray flux i.n. BL Lac objects is uncertain. Soft X -ray 
luminosities are comparable to optical luminosities for .most 
quasars and EL Lac objects. The small range Lx /Lo and the 
smooth spectral energy distribution from optical to higher fre- 
quencies implies that the soft X -rays come from -i..e high frequency 
tail of the optical and infrared synchrotron emission. For some 
BL Lacs both the high and low energy X -ray components join up to 
the optical in a single power law (Ledden et al., 1980) . The 
X -ray measurements support the contention that the infrared flux 
is dominated by synchrotron losses. 
The difficulties caused by high infrared energy densities 
can be illustrated for 3C44C. For pure synchrotron losses, the 
equation for synchrotron power (4,27) can be integrated over a 
power law energy distribution JNof --r( )dE -} NoB1 fE p ?1a(V-VC)dVc 
where Vc is the critical frequency 00coB.E 
2 
) . For p = 2, this 
reduces to an electron lifetime of T = 10 12V 
i 
Ii 
-3/ Ñ seconds. If 
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the dimension of the source is r =1:c, 'then the field energy 
can be given as ï;2 /87T = 5 x 102 'V 
-2 /3x- 
4 /J, Secondly, the 
radiation energy is given simply in tee ., of the luminosity Uph 












Taking values for 3C445 of P = 1,7 x 1028cm, r = 1.1 x 1015 
en, V = 1.4 x 1014Hz and F = 10 -11 
-7. -I 
gives Uph/ 
(B2/87) = 4.7 x 106. The problem with this result is clear: 
Uph was calculated only for synchrotron losses but for the syn- 
., 
c. 
chrotron process Uph /(F /8v) must not exceed unity. Therefore 
the energy density from the Compton process must be >106 times 
greater than the synchrotron energy density, which not only leads 
to a catastrophic X and y -ray flux but makes a synchrotron self- 
Compton flux inevitable. In the synchrotron self- Compton pro- 
cess a photon is inverse Compton scattered by the electron which 
has just emitted it by the synchrotron mechanism. The photon 
energy gain of Y 
4 
leads to an even greater divergence with ob- 
servations. 
For an isotropic source with uniform pitch angle distribution 
the only three ways to ease this dilemma are to adopt non - 
cosmological redshifts, reduce the energies by invoking a relati- 
vistic motion of the emitting region towards the observer and 
reduce the 'coherence' length of the source ra Given the 
errgy densi' s (at cosmological redshifts), it is inevitable 
that the electrons must be reaccelerated within the emitting 
volume. If they are reaccelerated N times, the conflict is 
reduced by ti(N)` /J. It is also likely that relativistic motion 
of the emittin g volume plays a part in reducing Uph/(B 
2 
/87T). 
4.4.2 High Degree of Polarization 
High and variable linear polarization was observed in 13 out of 
tha 17 object... In eight EL Lacs, 
priAx 
was >12% and ii two it was 
>25 %. In many cases both the maximum value and range of polarization 
are a function of how frequently the object has been observed, but 
there is a definite relationship between the published range of 
optical variability and maximum degree of polarization. In a vari- 
ability study by Usher (1975) , 11 of his 13 objects with AB > 2 r'.ag 
nituctes were highly polarized; and in a similar study by Grandi and 
Tifft (1974) 6 out of 8 objects with AE > 2 were BL Lac objects, 
A second strong correlation is between infrared spectral index and 
maximum degree of polarization. The re deer sources tend to be more 
highly polarized. This has been recog! i :ed in terms of optical 
spectral index for some time (Kin_ne , 1976; Stein et al., 1976). The 
two distributions are shown in Figure 4.10. There is no obvious 





complete radio sample is shown and all the BL Lac objects have both 
greater variability and higher polarization than the means for a 
quasar. Extreme variability and polarization are therefore. related. 
In Figure 4.lOb, there is a surprisingly good correlation between red- 
ness and maximum polarization. Only 0735 +178 lies appreciably off 
the best -fit line through the points. Interestingly, 0735 +178 is 
farthest removed from the other points in Figure 4.10a as well. 
Infrared excess, variability and polarization are all related in this 
sample. 
The emitting regions must be optically thin to produce high polar- 
izations. Faraday rotat._.n along the line -of -sight is negligible, 
because A6 > 1 radian would wash out the polarization. The implication 
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of the synchrotrcn mechanisms is that the polarization directly re- 
flects the magnetic field geometry in the emitting region, Any 
changes in polarization and position angle represent changes in the 
structure of the field rather than propagation effects. The great 
value of infrared (and optical) pclariaetry is that the flux and 
va.eiability define a small emitting volume, and the high polarization 
dolines a well- oJ_dered field. In no other part of the spectrum are 
these restraints as severe. 




E CosO < 1.9 x 10o (4.£'1) 
where Ois the angle between B and the line of sight. This relation 
is satisfied for the large magnetic fields derived in Table 4.3 for 
any reasonable plasma density. In fact a far more severe restriction 
on the amount of thermal ge, in BL Lac objects comes from the lack of 
strong emission lines. In quasars the emitting gas is distributed 
in small clouds and filaments with a small filling factor, each cloud 
being optically thick to Lyman continuum flux. Shields has shown 
that to create broad emission lines around a continuum source of 
optical luminosity 104Eerg /sec requires only a mass Y ti 2,0 x 706`o 
/ile 
of gas (Shields, 1976). For a typical broad -line region of ne ti 
8 -3 
10 cr a small fraction of a solar mass of gas is present. Yet, as 
seen in Section 4.1.5, large masses of gas are accreted in the life- 
time of an active EL Lac object. The accretion geometry presumably 
explains the differences-in the emission -line properties of quasars 
and BL Lacs. 
The degree of polarization in a homogeneous field is given by 
(4.43) . The maximum value depends only on the local spectral index< 
A homogeneity parameters can be defined as the ratio of the maximum 
measured value to the maximum allowed value 
MAX 
h = n/pIR (4.82) 
It is also possible to define the average shear angle on the 
ilü to produce a given value of h, Ass the line-of-sight ,;:, ;Gr that n Ii.0 n "- i' 
contains components of B uniformly distributed at shear angles of Ol, 




nhL = 2(B Cos 01-+-13 Cos 82+ . . . B Cos 6 
n 
) = 2Bn <J Co:: E'd0 (4.83a) 
0 
0 = R9('° - arcsin(h)) (4.83b) 
The values of 0 are given in Table 4.4, where f = 44° corresponds 
to a range of © of 90° and a completely turbulent field, The eecage 
}.rear is small (ti22 °) between all the objects. In these simple 
terms the amount of alignment needed. to change the 2.2µr polarization 
of AO 0235 ±164 from 29% to 15 %. (Table 3.3) is only 10 °. However, 
this repress ats a net alignment over the whole emitting volume in an 
environment which is magnetically dominated (U8 > U 
F 
h) . Therefore a 
large amount of energy in shock fronts or relativistic particles is 
needed '. compr. es:. the field. 
As ..Len in Table 4.4, h ranges up to 0.42 which represents 
nearly half the maximum polarization for the uniform field case. 
Since a completely u: corm field is unphysical in a cosmic source, 
an impressive degree of alignment is involved. The highest value of 
h occurred in AO 0235 +164 during a polarization burst, when the optical 
polarization rose to 44%. The range of polarization in this source 
is enormous; at optical wa.velengttas from 6 -44 %. In general high 
polarizations are temporary and occur during flares in the source. 
The only BL Lac objects with stable polarizations are the ones with 
low levels (e.g. 2155 -204, AP Lib) , indicating that the emission and 
field alignment mechanisms are closely related. As always with BL 
Lacs, there is we exception to this behaviour. 0735+178 maintained 
a level of 2,2pm polarization of ti20% for five nights (see Section 
3.3.3) which is uLLneemnon. An alignment mechanism must feature in any 
model of these sources. 
4.4.3 Wavelength- dependent Polarization 
There are two objects with evidence of wavelength dependence cf 
polarization (Figure 3.4) . In both cases the degree of polarization 
increases towards shorter wavelengths. The amount is small but ao 
confirmed by successive observations and in the case of 0235 +164, 
optical polarimotry on a baseline out to O.4nm continues the trend 
(figure 3.5b) I2] vg t1,7 <, ,rpton tTr;'E they:: two sources lie at 
the cosmological distances indicated by their red.shift:, and that the 
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compact source lies at the centre of a normal galaxy, it is possible 
to discover whether the wavelength dependence is intrinsic to the ??L 
Lac object or the effect of thermal dilution from the galaxy. Most 
BL Lac objects show constant polarization over the optical, part of tï..o 
spectrum. (Moore et al., 1980) , and the few observations .-ver the 
longer baseline of the near infrared generally support this The 
exceptions include 0J2S7 (Kikuchi et al., 1976), 0735 +178 (hordsieck, 
1976) and BL Lac (Puschell I'; Stein, 7.930). The polarization increase 
towards the blue in BL Lac is too large to be caused by dilution from 
a galactic component. For the low redshift objects BTk 421 and Mk 501, 
Maza et al. (1978) explained a slight wavelength. dependence in the 
optical with a two -component model. C235 +164 and 0735+178 have red - 
shifts of 0.852 (absorption) and 0.424 and there is no sign of 
surrounding nebulosity in either case. 
To determine the visual luminosity, the infrared spectral index 
is used to extrapolate the spectral flux down to the appropriately 




Mpc_2 and g 
o 
= 0 are 
assumed throughout. The rest frame luminosities per unit frequency 
for the two objects are 





L(055um) = 3 x 1030ergs s-1Hz-1 0735 +178 
(4.84) 
First ranked cluster galaxies (usually giant ellipticals) have a 
magnitude range -23.4 < u < -21.4 (Eurbidge, 1974; Frogel et al., 
-1 tel 
- -- - 
19 78) for H 
o 
- 75kns pe The corresponding magnitudes for 0235+ 
164 and 0735 +172 are My = -32.1 and -26.0 respectively. It is 
straightforward. to show that dilution from a galactive component has 
a negligible effect on .the polarization of the non -thermal sources. 
The visual luminosity of 0235 +164 is more than 100 times that of 
first -ranked giant elliptical, therefore none of the observed para- 
meters are contaminated. 0735 +178 is less luminous, but it is still 
possible to calculate that the wavelength- dependent polarization must 
be intrinsic to the non-thermal source. In the worst case, assume 
that the surrounding galaxy is at the tep of the range for elliptical. 
L.ai 3 (- 23.,4) 812- tL" LT: Z_.; ï; object at.it L .11. ,. ,`r:... .__ "_._ 
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flux level. The only uncertainty in the other direction is if the 
spectral ic,c.e:c decreases at optical wavelengths, hence the optical 
luminosity inferred by extrapolating the Iv: flux would be an over- 
estimate. Figure 4.11 shows the appropriately redshifted energy 
distribution for a giant elliptical (from Whitford, 1971 and Grasdalen 
1980) and the measured power law for the EL Lac object. It is clear 
that from. 1 -2um the relative contribution of the elliptical is de- 
creasing sharply, because the BL Lac flux is rising rapidly and the 
galaxy flux is bee inning to decrease. Therefore the galaxian dilution 
will decrease with increasing wavelength, in the opposite sense to the 
observed wavelength dependence. Not only must p(7,) be intrinsic to 
the BL Lao object, but if the galaxy contributes a sizeable fraction 
(10 -20 %) of the infrared flux then the intrinsic p(X) is even steeper 
than observed. The optical appearance of 0735+178 gives no indication 
of extended image structure on the Polomar Sky Survey plates, so it is 
very reasonable to attribute the wavelength dependent polarization to 
the compact BL Lac object. 
The degree of polarization of synchrotron radiation in a uniform 
field depends only on the spectral index of the flex dirt: bution. 
For simple power law spectra, the linear polarization will be wave- 
length independent (equation 4.4.3). If the spectral index changes 
with wavelength, so will the maximum degree of polarization. Assuming 
that the observed polarization is always a fixed percentage of the 
maximum allowed value, 






where a is the spectral flux power law slope. In many BL Lac objects 
the power law steepens in the optical, and. in the objects where wave- 
length dependence is seen it is always incre -=;ing towards the blue as 
predicted by equation (4.85). However, the s statistical correlation 
is weak and in the only object with reasonable wavelength coverage, 
the prediction is not borne out. Over the duration of the burst in 
December 1979, of AO 02 +164, the IR spectral index changed from 
a = 2.4 to a = 1.1 which is highly significant with respect to the 
5% 
.1v "i.J:_.....:. _.... '17117 pel ^Tin. n ,U1'ß '.e.2'ei'rc be expected. 
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to change by ti15% of its value, when in fact the polarization flare 
Baas far more spectacular, and unrelated In any obvious way to a. 
Also the wavelength dependence stayer' constant (Figure S.4) during 
the time that the spectral flux developed from a power law to a 
curved spectrum. The stability of p(,') for 0235 +164 is intriguing; 
a more detailed model will be considered in the next Chapter. 
4.4.4 Polarization -Flux Felatzonship 
As mentioned in Chapter Three, the relationship between chant, :g 
total and polarized flux in BL Lac objects is particularly interesting. 
It represents the interplay between the aligned magnetic field which 
produces the high degree of polarization and the emission mechanise, 
which (if it is synchrotron radiation) hinges on the strength of the 
magnetic field.. It is difficult to perceive trends by looking at 
the nightly variations in an individual object. Sometimes the 
polarization increases as the flux increases, and sometimes it de- 
creases. Every combination seers to occur, and few of the night -to-- 
night changes are large enough to dominate the errors by a large 
factor. The first stage is to look for any statistical correlations. 
The changes in total and polarized flux were calculated between every 
pair cf adjacent nights oz observation for every object. These data 
points can be compared with a simple two - component model: one corspanent 
with a steady flux and arbitrary polarization, and a second, variable 
component of fixed polarization p. The realization of this situation 
might be a variable: beam. pointed at the observer imbedded in a disc 
region of low polarization. The initial flux is, 
A 
= Iu q xp 
Itot 
where Iu and Ip are uanolarized and polarized fluxes. 
entirely due to the second component, 
I F - i T I + I, 'r pI' 
tot u p u tot 
Therefore the change in polarizes flux is 
(4.86) 
The change is 
(4, 87) 
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B A , 
GI = Ir - I = PI tot 
But I is just the change it total flux_, therefore 
tot 
(4..88) 




This simple result means that the slope of the GI vs. GI 
p tot 
plot gives the polarization of the variable component. The test of 
whether nature is so simple is shown in Figure 4.12. The area between 
the x -axis and the long clashed line corresponds to p < 100% and 
positive, and the unshaded area corresponds to the more physically 
realizable p < 75%. Out of the 47 data points, 37 lie within the 
allowed region for a two component model. However, points are 
scattered in all four quadrants and thé relationship is not clear. 
A more interesting result emerges if two BL Lacs, 0735 +178 and OJ 287, 
are plotted separately. There are 22 points for these objects, and 
20 lie within the unshaded zone. These objects are represented by 
crosses in Figure 4.12. Figure 4.13 shows that the tw:;- component 
model is tolerably good for 0735 +178 and OJ 287. The inferred 
polarizations, p, for each data point have a small dispersion and the 
mean is centred at small, positive p. Considering that the ob- 
servations are collated from 3 runs separated by g months, the 
scatter is surprisingly small. The calculated polarizations for the 
variable components are, 
0735+178 . p 0.14 ± 0.12 
(4.90) 
0851+202 : p = 0.15 i- 0.17 
p and es(p) for 4 other objects are shown in Table 4.4; in 
these cases there is no well -defined stable value. Therefore a 
definite difference in the polarization behaviour of EL Lac objects 
has been detected. Fer two well- studied objects, the variations in 
flux and polarization are interpreted. as the effect of a variable 
source of polarization of order 15% on a stable background source. 
There is no requi_rer.ent that the variable component should alrays have 
p since the 1......i1l'1.11.i palltic;ns for o j: Vits nra 
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considerably higher than that (31% for 0735 +178, 32% for OJ 287). 
For the othor sources there is no correlation between changes ID 
total and polarized flux, and this is not simple, an effect of 
fewer data points. Whether the two hinds of behaviour can be seen 
at different times in the same object is not known. 
The formal coefficient os determination (r 
2 
) is noted in Figure 
4.12. r2 is about 5 x higher for the two noted EL Lac objects and 
the difference between these two objects and the rest is significant 
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where x, = GI and y. _ /iI In this two - component model it should 
x TOT x POL 
be noted that the steady component of low (or zero) polarization does 
not represent an underlying galaxy. For the dilution to apply the 
two compoments must have roughly equal intensity. It was shown in 
Section 4.4, 3 that the non -thermal mechanism in 0735+178 must domin- 
ate, so the non-varying component in this yodel must be non - thermal 
in addition to the varying polarized component. A natural site for 
the non -varying component might be the hot, magnetically turbulent 
accretion zone around the central power source. For OS 287 the 
argument is not as strong, because the EL Lac is nearer and fainter 
and a luminous giant elliptical could conceivably ?Latch the output of 
the compact source. However, there is no sign of an underlying 
galaxy on deep direct plates so the galactic dilution arg uu ent is 
weak. A more likely interpretation is that the static component in 
OJ 287 is non -thermal also. 
A synchroton explanation or BL Lac objects con account for 
several important features. Unless beaming is invoked, an enormous 
range of luminosities must be explained. The large and rapid changes 
in polarization and position angle can be explained in terms of 
partially aligned magnetic. fields, since Faraday effects do not dom- 
inate. The intrinsic wavelength dependent polarization is at least 
a couple of sources must be explained. Finally, the different be- 
haviour for flux and polarization changes can be brought into the same 
framework, with simple geometries considered in the next Chapter. 
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TABLE 4.1 Infrared Luminosity 







0235+164 0.852 3410 1.3x1043 2.2 10 
0735 ±178 0.424 1700 7.9x1045 1.4 7 
0851 +202 0.306* 1220 4.1x7.046 1.9 7 
1308 +3 26 0.996 3980 1, 2x1043 5.8 6 
1400 +162 0.24.4* 970 1,3x1045+ 
1514- -241 0.049 200 4,1x1044 - 1 
1641 +399 0.595 2380 8,7x7.046+ - 1 
1652 +398 0,034 140 2.9x10 1.3 2 
7.727 +503 0.055 220 7,9x1043 1,4 6 
2155 -304 0.17* 680 1.1x1046 1,2 6 
2223 -052 1.404 5620 5.5x10S6 1.2 4 
Optical spectral .is eex used 
* Reeisrift uncertain. 
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} (11' cm) 
0235+164 4,7 4.7 2,10 130 1.4 
0725+178 6.1 6,0 0,10 8 1.8 
0851+202 6.6 6.7 0.05 4 2,0 
1308+326 4.3 4,3 2.15 120 1.3 
1400+162 - - 2x10-?+ 0.1+ - 
-A+ 
1514-241 6x10 0.04+ 
1641+399 - 0.12 
+ c+ 
1652+398 >8.4 S.3 3x10 
-4 
0.03 >2.5 
1727+503 24.6 24.7 2x10-5 0.008 7.4 
2155-304 16,1 16oC'1 0.01 1 4.8 
2222-052 3.5 37 11.43 550 1.1 
Assume H ti 5x109Mo 
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2223-052 
9.2 .{ 1032 
404 x 10,, 
2.1 x 1031 
9.2 x 1032 








6.6 x 107 
M. x] 07 
1.4 x ].09 
1.8 x 10" 
1.7 x 104 





Alit rent 2- Component Features 
li 
(deg) p o(p) 
P(a) e(t) p2+ Ledrl 
0235+164 0.42 33 0.33 1.25 - J 
0735+178 0,39 34 0.14 0.12 - V 
0754+101 0.16 40 0.64 1.6' - - - 
0851+202 0.19 40 0.15 0.17 V 
1147+245 0.19 40 - - - - 
, 
- 
1308+326 0.2I5 33 0.61 0.34 - - V 
1418+546 0.13 41 - - - 
1514-241 M0 42 - - - - 
1921-293 0.18 40 - - - - - 
2222-052 0.21 39 -0.44 1,13 - - - 
+ Fits 2- Component polarization model 
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Figure 4.1 Redshift against infrared luminosity for 11 BL Lac objects. 








M_.,...... .rte._,.. -. a...».,-.. 
i 
q 








ËPr fr --. ;.
Figure 4.2 Minimum timescale of variability against infrared 
luminosity (from Elliot & Shapiro 1974). 
x Optical quasar data from Elliot & Shapiro (1974) 
e Infrared observations from this work 







log tip (H7) 
Spectral flux distribution of 3C 446. 
X -ray data from Tananbaum et al. (1979) 
Optical data from Oke (1966) 
IR data from this work and Neugebauer et al. (1979) 
Radio data from Landau et al. (1980), Wall et al. (1976), 
Gardner et al. (1975) and Pauliny- Toth et al. (1966). 
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Figure 4.4 Orientation of the polarization ellipse of synchrotron 
radiation of an electron (taken as a positive charge). 
Plane K is the plane perpencU cular to the direction to 
the observer. 11 and 12 are orthogonal unit vectors, one 
of which defines the projection of B onto the plane K. 
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Figure 4.5 Frequency spectrum of polarization and polarized and 
unpolarized flux for a single relativistic electron. 
The maximun in the spectrum occurs at w= 0.29s,c (adapted 









x- w/ wc 
Frequency spectrum of polarized and unpolarized flux 
for an ensemble of electrons with y =5/2. Polarization 
is shown as a dashed line. In this diagram, G(x)= I(W,k) 
and G(x)= V'Q(W,k)2 +U(W,k)2 / G(x) (adapted from Westfold 
1959). 
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Time evolution of electrons with a power-law energy 
spectrum: 
a) with steady injection 
b) with burst injection 
(from Ryter 1979). 
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Figure 4.8 Energy distribution of photons with initial energy E 





Figure 4.9 Integrated energy distribution of scattered photons 
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Figure 4.10 a) Optical variability against maximum polarization. 
Open circle is average of corplete radio sample of 
Grandi & Tifft (1974) for AB and Stockman & Angel (1978) 
for Amax. Other values of AB are from Angel & Stockman (1980). 
b) IR spectral index against maximum IR polarization. 
Ali data from this work. The correlation coefficient is 





















I 4.L'} 14.2 log y 
Energy distribution of giant elliptical from Whitford 
(1971) recfshifted to z= 0.424, and measured broad band 











Inter -night changes in polarized against total flux. 
In a two -component model for polarization variability, 
the shaded area corresponds to the variable component 
having p >100% or p negative. Physically realizable region 
is unshaded (p<75%). 
o 0735 +178 /0851 +202 (r2 =0.49) 
o All other objects (r2 =0.09) 
Maximum error bars are shown in the bottom right corner. 
The two named objects (x) and the rest come from different 
populations at the 95% confidence level. The inter -night 
changes in total and polarized flux for 0735 +178 and 
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Figure 4.13 Histogram of the polarization of the varying component 
in the two -component model. The range 0<p <0.75 is the 
range of synchrotron polarizations. Five observations 
lie off the graph. 
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CIi?PTE?2 FIVE 
In this Chapter the observations are interpreted in terns of 
simple rode s for the emitting regions of BL Lac objects. Two 
classes of magnetic field geometry are considered. The first consists 
of the superposition of uniform an isotropic fields, with the polari- 
zations of most BL Lac objects indicating nearly equal mixtures of the 
two. In particular the polarization /flux variations of two objects 
are consistent with a two - component model of this kind. The second 
model consists of a non -isotropic field with spherical symmetry and 
various radial dependencies of the magnetic field strength. A 
common feature of all these models is that the resulting polarization 
has a quadratic dependence on the field alignment parameter. These 
models are then compared with the polarization properties of the 
sample. 
Next, mechanisms for accelerating electrons in magnetic fields 
are reviewed. This can take place most plausibly in the turbulent 
region behind a strong, collis.ionless shock front. Because of the 
high electron energies and short cooling times, the particle acceler- 
ation, field amplification and generation of polarized flux are all 
part of the same process. Many of these ideas are incorporated in 
'bear' models of active nuclei. Finally, the various geometries, 
acceleration mechanisms and consequences of the beam models are related 
to BL Lac objects as a class. 
5.7 Assumptions 
5.1.1 Emission Mechanism 
The optical /infrared flux is presumed to be generated by inco- 
herent synchrotron radiation; the main results for a uniform magnetic 
field are contained in equations (4.24) - (4.45). The electron energy 
distribution is taken to be a power law, resulting in a power law flux 
distribution. The top range of electron energies is ultrarelativistic 
(y > 100), and a discussion of how the particles are efficiently 
accelerated is postponed until later in the chapter. In the emitting 
volume synchrotron losses dominate inverse Compton losses (UB > U 
F 
h) . 
It is not necessary to assume any relationship between the radio and 
infrarvd fluxes, which proht:::;ly come fren dific ent et::itting vo!_u1es. 
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5.1,2 Pitch Angle Distribution 
Conventional synchrotron theory deals with situations where the 
pitch angle between the particle velocity and the magnetic field is 
large (' ti 1) , and the emission is confined to a small angle e < 1/y 
around the velocity vector (Figure 'e.lb) . The pitch angle distribution 
is assumed to be iso tropic (although that is not critical) . It was 
pointed out by Epstein and Feldman (1967) that when u' y 90°, the 
power c:-.; ttee by an electron does not equal the power received, the 
n 
proper relationship being P = P sir.1'. This is a Doppler effect 
rec err: 
due to the continually changing distance between the electron and the 
observer. Powever, if a distribution of electrons is confined to a 
specific volume, the average distance of each electron is unaltered 
and the observed and emitted powers are equal. 
Several studies have modelled the behaviour of active nuclei by 
synchrot..- i emission at very small pitch angles (O'Dell £s Sartori, 
1970; Cavaliere et al., 1970), i.e. the case where T < y -1 (Figure 
5.1a). Epstein has calculated the emission from sources where most 
of the particles have small pitch angles (Epstein, 1973), If the 
magnetic field is not uniform, then the net emission is critically 
dependent on the relative sizes of 8B(the typical misalignment angle 
of the field throughout the source) and the emission cone angle e. 
It has been seen in Table 4.4 that 8B can vary by e,10o between EL Lac 
objects, and for a single variable object it can vary by >5° (0235 +164) . 
Therefore, in the general case of tiY « 1 considered by Epstein, 8B» w 
will always be satisfied. The simple result derived from integrating 
over the source volume is a maximum linear polarization of AMAX < e /eF 
r, 1 /y8B « 1, though the exact value depends on the detailed particle 
distribution and source structure. The small pitch angle case does 
not therefore accotent for high (10 - 20 %) degrees of polarization, and 
the assumption of a distribution out to `i' e, i is justified. 
5.1.3 Dynamics 
Without any knowledge of the geometry of the source, changing 
magnetic fields are not a unique explanation of the polarization be- 
haviour of BL Lac objects. If different sectors of field are traversed 
-190 -- 
and. illuminated by the electrons, then no physical reordering of the 
field is necessary. However, field alignment is desirable to explain 
the variations. Quasi-static synchrotron theory does not encompass 
the changes in ph. aical conditions occurring in the source. All the 
available electron acceleration mechanisms entrain and alter the mag- 
netic field to some degree, so field alignment should be a parameter 
in the model. 
5.2 Magnetic Field Geomet y 
The synchrotron formulae -in Chapter Four were presented for the 
case of a uniform magnetic field, with the Stokes parameters given by 
equations (4,39) - (4.41). The maximum degree of polarization is 
(a +1)/(a+5/3), where a is the spectral flux power law index. If the 
field is instead isotropic, averaging equations (4.40) and (4,41) over 
X gives Q = U = 0 and the po_lariaatien is zero. In a true physical 
situation, the maximum polarization is somewhere between the uniform 
and isotropic cases, 
(a;-1.)/(x-`5/3) > pflAX > 0 
(S.1) 
Korchah and Syrovatskii (1962) considered two intermediate cases: 
a uniform field superimposed on a homogenous field, and a non - 
isotropic field of constant magnitude. For the first case with a 






P a+5/3 3ß2 
1 
(5.2) 
where ß is on the ratio of homogeneous to isotropic fields. The 
second case dealt with a near isotropic field, and the functional form. 
of p critically depends on the geometry. Nordsiecl: (1976) also con- 
sidered small degrees of alignment of an isotropic field and obtained 
maximum polarizations which were proportional to the square of the 
alignment parameter and the spectra)- index a. In general, the 
simplest approaches to this problemare to either consider alignments 
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of an isotropic field or perturbations of a uniform field. The 
coordinate system is set up as in Figure 5.2, with angle u between 
field E and the line of sight (h) , and x = 0 being the x axis. The 
sense of polarization is such that Q = I for polarization in the y 
direction. 
First, as in Nordsieck (1976) , define a probability function 
P(B, x) that a particular volume element has an electron radiating 
in a magnetic field B and angle x to the line of sight. The total 
radiation is tÀ'_< =:n given by the incoherent sun: of the radiation from 
all the volume elements in the source. For the uniform and isotrop:i . 
cases, P(B, x)is separable in B and x. 
5.2.1 Uniform and Isotropic Fields 
Consider an isotropic field of magnitude B1 superimposed on a 
uniform field E.0 giving a resultant B = 13.0 + Bl. Integrated over 
the volume of the source both B and E1 contribute to the intensity 
of the source, but only Po contributes to the degree of polarization. 
This geometry is a realization of the two- component model discussed 
in section 4.4.4, with I = 0. The uniformity of the resultant 
field is characterised by h = B0 /B1 integrated over the emitting 
volume. Figure 5.2 shows the geometry of the source. Use equations 
(4.39) - (4.41) , 
n7/ p ,/ I(w,k) 
= ,,+1 
y'(v,) (Esinc) ( +1 2 dv 
Jv 
Q(w,k) = kv,.P) f (Esina)(11+l)/2 cos2kdv 
iv 
Uw k - v n! 
'nsi.na 






where V(w,k) = 0 to order me /E (Forcha}. & 5yrovatski i, 1961) : The 
volume integral can be replaced by a polar coordinate integral where 
dv = L /.1 r = Y%;Si.ntcok'; /4 ?_Ti. The integration is p rforned with respect 
to the isotropic field, so a and >, are e::pres;sed in ternis of polar- 
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angles K azid p. Tho convers on is performed by taking projections 
of the fields in the image plane and using the Cosine rule on tri- 




= B?Sin2K+}:2B2 tiin.2e+2hBsinesinKsinÇS (5.3) 
where LP" = Bosine = hB1sir.e. If a coordinate system is chosen_ 
such that the uniforms field 
B 
always lies parallel to the y -axis, 
then 
Bsina,sinX = B1sirQisinK (5.4) 
Therefore, converting to double angles, 
cCs2X = 




B1 2 2 2 
Cos2X = (h sin C+2ì.sinvsin sing-sin Kcos2g) (5.6) 
B sin a 
In the coordinate system with Bo parallel to the y -axis, i?(w,k.) 
= 0. Substituting (5.3) and (5.6) into (4.39) and (4.40) gives, 
27 7 
., o_ vB1(p=1)/2 2 2 2 
r) 
Ep+1)/4 
I(w,ì._) = pp+lU Q1(v,p) (sin K+h sin E+?hSinESinKSin 
o o 
X sin Kd.Kdg (5.7) 
27 Tr`r (p+1)/2 
1 2 2 2 p-3) /4 











There are two Uniting cases to consider. When the field is 
highly isotropic then h 2 = (13o /81)" « I and the integrands of 
equations (5,7) and (5. ) can be expanded in a series of terms in 
h2. 
2 ^ 0 
2 
{1,} _ (s. ) (P +I) /2 1- +1 h sin tí1 (p+1.) (p-3) h2sin"cX 
sink 1 32 sin 'k 
2 
where X = (1 +2sinKsln9 /hsinc) , and any J sin0d¢i = O so X = 1. 
o Taking only the first two terms, 
(5.9) 
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(p+:: ) /2, I (sin+.) (P-1)/2I 
{v }dKC:Q 
(Dwight, 1961) , 
p+1 r (-T) 
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Using sin3KdK = (£03 K - cosK) , and integrating over K and 0, 
p-t-7/3 (p+1)/2 
! 
(p+1) 1 1 10),k) = 4r (hsane) {Io} 1- 
p+1 6 2 2¡0(v,p) h sin J 
where {Io 
(p+1)/2 
= vEl /41T, and 
Q(<<,k) = 4r;(v,p) (hsine) 
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It can be seen that in the appropriate ilaits, pi . O and pu -)- 
(p+7/3)/(p+1). Now hsine = Bos:ine /B1 = BI /B1, where B1 is the pro- 
jection of the uniform' field on the image plane. So the appropriate 
parameter for field anisotropy is B B 
2 g ,; (1/ 1) and this quantity can be 
determined knowing only the degree of polarization and the spectral 
index of the source. if p = (p +l) /(p +7/3) , the form of the re- 
MAX 
suits (5.16) and (5.22) is 
B 2 B 2 
{p } ; p MAX 
1 
r {P u 1 
r p (1+1: B ) 1 B ihAX (5.23) 
These expressions show the behaviour in near -isotropic and 
near-uniform geometries for any spectral index, However, many BL 
-196 
Lac objects spend tix :e at polarizations between zero and p 
MAX' tr 
where the above 1 »>r :,_.ir. :_tons are not valid, The inte`, -,'.icr_r 
can. be carried out fully for the sinpie (and useful) case of p = 3, 





PP+1^ (v,P) v13ï(1 + 
2 8 ) 
1 
(B1)2 a(w,k) := g(v p) vB 
2 
1 
3 B 1 
(P ) 
_ 








As would be expected, the value of (p) for a = 1 and any degree 
of anisotropy is just a simple combination of the algebraic fonts 
for the uniform and isotropic cases. The other easily calculable 
case is a = 3, and all observed BL Lac objects have spectral indices 
in the range 1 < a < 3. From equations (5.7) and (5.8), 
27 7 vB4 
I(ca,k) = pP+13 !(v, P) 4 {X)2 sinKdKdh_ 
o -o 
27 7 v4 
` 1 
Q(w,k) = P(v,p) J {X}{y}sinKdKdp 
0 0 
5 ¡ -5cosK 5Ces3K Cos5K 
using sin KdK = 
8 
+ - , this gives 
p3 ` 4 
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where in this case p = 6/7 (for a = 1, p = 3/4) . The polari- 
MAA MAX 
nation for the isotropic field and uniform field limits is plotted 
in figures 5.3 and 5.4, Near the isotropic limit the polarization 
is quadratic in the anisotropy parameter B1 /B1, but is at levels of 
only a few percent. The polarization is asymptotic on p 
IGAX 
near 
the uniform limait. The region of observed polarizations (1-35%) 
corresponds to a near balance of the random and uniform fields or 
B1 /B1 < 1 (Figure 5.5) . B1/B1 must vary by a factor of 't,5 to account 
for the observed range. Unfortunately, the realistic geometry differs 
fion simple perturbations of the two limiting cases. Higher order 
asymmetries are involved and the equations are not soluble analytically. 
The changing polarizaticn in a given object' may be explained by 
a variation in BI/Bi, and this does not necessarily involve re- 
strue:mring the magnetic field. If the electrons radiate in volumes 
with different values of B, the polarization will d: -nd on which 
portion of the source is illuminated. Further progress requires a 
distribution of field strengths throughout the source, rather than 
the constant strength fields assumed so fair. A general comment about 
the previous analysis is that the redness -polarization correlation 
seen in the data is a feature of all the equations (independent of 
the value of Bi/B1) . 
5.2.2 Non- isotropic Fields 
Consider a non.. -isotropic magnetic field distributed over the 
source volume. - Tt is assumed that the bivariate probability function 
P(B,x) _ F(B)F(S2) where 0 is the solid. angle. Taking the general 
case of spherical syaaetry, the function F(0) can be expanded into a 








and the appropriate Spherical harmonics (r.: = 0) , 
F(Se) = 
f2S,t-. 




see, for example, Morse and Feshbach (195). For the axial symmetry 
being considered here, these harmonics describe 'zones' on the surface 
of a sphere since nodal lines are lines of constant 6. The first 
throe terms of the series are, 
F() = -_l -- 1 Yt cos° + 2 (3cos20 -1) 7- 71  1 (5. 
2L.L) 
The geometry is illustrated in Figure 5.6, where Bo is the axis 
of symmetry of the field at an angle e to the line -of- sight. Now de- 
fine an anisotropy parameter 
_ 
' - E" >; 
h2 = 
H 
1 = 2Cos1°-i 
. 2 2 
. l'(S2) = 7. + COS ° t- 
2 
h ( 3cos °-1) 
(5.35) 
(5,36) 
where Ihd9 = 0 over all possible angles w. r. t. the symmetry axis, by 
definition. When h = 0, the field is isotropic and it can be seen 
that IF(n)de = 1/VTIT. h 
2 
is the anisotropy parameter w. r. t. bo, 
the symmetry vector of the field. 
The Stokes parameters are calculated, as before, from equations 
(4.39) p -nd (4.40). First, the integration with respect to the field 
symmc4ry axis (solid angle d2 _ sin0ded¢) is transformed to an inte- 
gration_ along the line -of -sight z axis (solid angle dS2 = sincdadX) . 
The expansion in terms of spherical harmonics is still valid because 
of the properties of the harmonics under en arbitrary rotation of 
polar coordinate system. For polar systems 0 and 0', 
EYX2r(0')y9,z1(R) = 6(0 -S2') (5.37) 
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where S(52 --P') = 0 for P S2', and fd?d.(Q) = 1. d(S2 -S2') only de- 
pendn on the angle between the two system O. From spherical 
trigonometry, 
cos° = cosacosc + sinasineccsX (5,38) 
The general result which can be obtained is (Jeffries 8 Jeffries, 
1956) , 




Therefore, if the corodinate system of an arbitrary spherical 
harmonic is rotated, the result is a linear combination of spherical 
harmonics in the new polar coordinate, with the same value of Q,, so 
the functional form of (5.34) is unaltered. The results can be 
calculated for various radial dependences of the strength of the mag- 
netiÿ field. Korchahov and Syrovatskii (1962) considered only :: :e 
case of uniform strength, and their analysis differs somewhat from 










e-1) sinc.dadX (5,40) 
2-a. 7i 
Q(w,k) = 0(v,p) r 3 (6osina)(p+t)íZ i + tiTCos° 






Using the identity (5.38) , and integrating over the azimuthal 
angle X, 
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- (v,P) Bxnc"- 
417;7 
o 
+tiTcosacoss + 32 h2(1-4sin2a5in` s) 
Now, using equation (5.12) and the recurrence 
T 
p+7/ 3` ?/i; I r- 2 
` (w ;.) - yi(v p) (T) {3 )1.(1 +V5h ) - 3h 
'- p+3 ' p 
where {I} is given by equation (5,13). Cos2X is expressed in 
single angles to calculate Q(u,k) , and the integration over x uses 
I2Tr cos2'3'4XdX = 2r, 0,1 
0 
4 
[1h2) 3`2 tií. p+5 2 @o,h) = (v,p) ()3/`{Á } - (14511'' 
p ç p+1 
- 3/58h2 (p+7J5.._, n2 
P 
3/2 35h2 p+5 ? 
A(0,k) = Sn(v,p) (T) {I} 
P 8 
(p+7)sir_ 
3vE p+5 " ^ 
p+1 3 (p+7)h"si_ns 
(p) = p+7/3 




Since h2 represents the field anisotropy about the syrrr._etry 
axis, h2sin2c is the anisotropy in the image plane (as before). For 
Very small h2 (nearly isotropic field) , (p) -' p 
31-5- 
(p -`')h sings, 
MAX 8 p +7' 
(b) 81(2) a o/r 
The radial dependence of the magnetic field is taken to be 
centred near the lire of sight in this treatment, which has relevance 
to 'beam' nod.:: ̂..1s wh.ict1 will be discussed. later. Via` c r The .3.,, Vr. r,, e 
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component in the image plane is therefore proportional to 1 /Sin.0, 
For small e, cose - cosacos£ and sino _ Sina- -Sine, so sino can be 
expanded as a series in sins /siria, 
i 1 
1 +Sine l(SinE +0000 Sine Sinn Sinn Sind 
Using equation (5,42), 
p+7/3 V (P+1)/2 (P+l)/2 
1(.64k) p+1 9(v,P) Bo sina 
41771i- 
0 
(1s }- 3 2 2 2 hsinasine 
Sine Lsin2 
1 + da d8 
Sina 2 (5' ̀  ) 
sin a 
Omitting terms in sine and singe leads to, 
a,}_) 
= pp73.. 9-(v,P) (r) 3/2 II') 
1.4-)V sin2e+(l+ 5h2 (101-1) 





{I'} = vE(P+1)/2 





p o 2 
1"( 







valid for p > 3 (5,51) 
To calculate Q(w ,k) and integrate over the azimuthal angle x the 
relationship (5,2E) must he use.: 'However (5c 4 ¡') is still a Fooe 
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approximation as a radial factor. The result is very similar in 
form to the uniform strength case, because the same terms in cos2x 
drop out of equation (5.49), 




h2sin` e(p{-5' (i) ? T 
L 
p+7/3 
1+5I:2 2 T 2 -1 3,j, 2 2 p+fi p-I rvBop+7.) 5 
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The factor {I ) cannot be eliminated from the denominator; so the 
solution is only rigorous when B and v are known. However, in the 
limit e } O when the line of sight corresponds to the symmetry axis, 
p+9 2 
(p) } MAX p 
34 
(p +7)h 
singe. Also, in the situation of a uniform 
field we can verify that the terms in h2sin2c tray dominate. The minus 




c is due to the definition of h2 (5.35) , which gives it 




(I) r bo/rG 
Once again, _the axis of symr...etry of the field is assumed to be 
centred near the line -of- sight. The transverse component in the 
image plane is proportic l to 1 /Sin29, and for small e, 
1 1 1 
(5,54) 
Sin20 1-Cos2aGos2a Sin2a 




(pt1)/2 (p-1)/2 2 
- Çf(vp) -- Bo 
4),71 o
sina `(1. - -? ) 
p +1  
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+ TCOsaCOsE+ 3 12 (1-sin2asin2E) ( da (5.55) 
p13 3/2` I(w,k) = 9(v,p(7) {}-3h(5)sinE (5.56) p +Ì p + J 
and 
Q(u.`,k) = S(v,p) (7) 3+$h` (T.+5 
- )sin2E 
p +1 
3V p +5 2 2 
8 (p +7)h 
sin E 
p+7/3 





(p  {7) sin 2 E 4 
This differs from the uniform strength case by a factor in 
(5.57) 
(5.58) 
terms of p in the denominator, which reduces the polarization for 
n 




. The limit as h .+ 0 is the sa;.e as the uni- 
A 
2 2 
form case. In three cases considerec, h sin E is a ieasure of 








I I_El 2 By-.x GB 2 h siii e= 
B 
2 
sin E= CB (5.59) 
The degrees of polarization as a function of source anisotropy 
are illustrated in Figure 5.7. The radial dependence al /R is 
much closer to the constant field situation than the 1/E2 depend- 
ence. In general, the polarization is quadratic in the anisotropy 
parameter. This is an important result which holds for any 
spectral index and can be shown to be valid for any radial depend- 
ence of the magnetic field strength. The assumptions in this cal- 
culations must be emphasized. The constant strength case holds for all 
^nr1es e, but the rad.i.r?7.ly eependent cases hold only for the magnetic 
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field symmetry axis near the line -of- sight. Since e is small 
in the latter two ex_aiple33, the integration over the emitting 
volume is performed zonally, i.e. with respect to a but not )(. 
The polarization is lower for the 1 /R2 geometry than the 1/R 
field strength case. The reason can be seen from equation (5,59). 
For constant anisotropy across the volume, the polarization is 
roughly proportional tc. (AB/B(r)) 2. When B(r)al/R, the polari- 
zation scales as 1 /R2, but is weighted by the zonal area, so is 
independent of radius. However, when B(r) al /R2 the polarization 
scales as 1 /R4 but is weighted as 1 /R2 giving relatively lower 
values. The polarization is always a weak function of the 
spectral index, increasing for redder sources. For a = 3, the 
maximum polarization at (AB/B) = 1 is "34 %. Integrating over a 
sphere considerably reduces the maximum polarization from the 
uniform field value (p+1) /(p+7/3). The most highly polarized 
objects can exceed this predicted limit, which implies that 
spherical symmetry does not apply to cosmic sources. Models 
with higher order asymmetries can probably polari- 
zation behaviour, but the simple examples of two component fields 
(5.1,1) and non -isotropic fields (5,1.2) show much behaviour which 
is independent of specific geometry. Features from both models 
can be used to explain much of the polarization properties described 
in Chapter Three. 
5.3 Polarization Properties 
The observed polarization properties of BL Lac objects are 
interpreted in terms of the simple geometries derived in. Section 
5.2. The variability of polarization which is a common. feature 
in all BL Lacs can be interpreted it terms of the interplay between 
a varying flux of relativistic particles and the magnetic field 
entrained in the source. In the optically thin regime, the degree 
of polarization directly reflects the field geometry. 
5.3.1 High and Variable Polarization. 
A r Gel nufz. t 1,e ntic to easily etiplolp ^l, ̂..rft7 :Thrs of up 1"cß 
45 %, corresponding to the highest value yet observed. Therefore 
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fBcosOd2 is small, which can represent either a large -scale 
nearly uniform field. or local 'hot spots' of regular magnetic 
field. The first case is harder to envisage, because of the 
isotropizing force needed to wash out the high polarization and 
produce the large range of observed value :s. The alternative is 
to employ two components whose emitting. strengths are of the same 
order, but one of which is variable and polarized and the other 
of which is static and may be weakly polarized 0,1-3 %) . The 
polarization -flux relationship of two objects in the sample agrees 
with the two - component model reasonably well (Section 4.404). 
Figure 5.5 is applicable, with a D.C. polarization shift if the 
static corponent is weakly polarized. The graph shows the 
change in polarization as the strength of the uniform field is 
increased with respect to the isotropic field. From the observed 
rasage of polarizations for the two objects, the range of BJ is a 
factor of 1,6 for 0J287 and 1,3 for 0735 +178 (These factors rise 
to 2.2 and 4.5 respectively if the full range of optical polariz- 
ation in the literature is adopted) . Rather than invoke an in- 
creased field strength, the sape effect occurs if the flux in the 
polarized component chantes. From equation (5.7), i(w,k)aB 
and using the spectral indices listed in Section 2.4.4 the flux 
factors are 2.68 and 1.64. So the variability of the polarized 
component need only be tit magnitude on a tinescale of weeks, and 
the full archival range of polarization is covered by ti 3 magnitudes. 
For both objects, the infrared data fits a variable component with 
p ti 15%, albeit with large errors. The data is not food enough 
to say whether the static component is non -variable or polarized, 
The important fact is that because of the dilution scheme the 
static component must be emitting a sizeable fraction of the high 
luminosities found for these two BL Lac objects. One possibility 
is that these objects consist of a small luminous core in the hot 
accretion disc surrounding the power source. Tite tangled magnetic 
field in the turbulent inner regions of the disc would not produce 
polarization, but could generate a large synchrotron flux. The 
polarized component could either be due to a transient event (e.g. 
ragas tic flore) or relativistically beamed emission (which would 
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circumvent some of the energy density and luminosity constraints) . 
There are no correlations between flux and polarization 
changes in the other BL Lac objects, and the alternative interpre- 
tation is emission from 'hot spots' in the source. Ev:_' nce that 
the polarized flux comes from ic: =_al ,zed regions can be inferred 
from Figure 5.7. The maximum polarization generated in a spheri- 
cally symmetrical source with B(r) = 
o 
and a = 2 is ti21%. To 
produce levels >35 % requires a fraction of the volume even when 
there- is no anisotropy of the field. However, if the bulk of 
the emission comes from a small solid angle directed along the line 
of sight, small regions of nearly uniform magnetic_ field will change 
the polarization by substantial amounts. The lack of a polarization 
-flux correlation indicates that both a restructuring of DI and 
changes in particle flux. contribute. The monolithic nature of 
the changes in 0J287 and 0735 +178 is unusual. Only one other 
object has shown strong evidence for having several components. 
Hinman et al. (1968) found that the polarized flux of 3C345 can be 
explained by the super- position of three components: one non- - 
varying and unpolarized, and the other two variable and polarized 
(only one component, p = 17 %, could be specified from the data). 
However, few published papers consider the polarization -flux 
relationship. 
To generalize the two-component behaviour of 0J287 and 0735+ 178, 
a BL Lac object may consist of a number of highly polarized regions, 
each with nearly uniform magnetic field and with different polari- 
zation position angles. With n regions each radiating L/n the 
polarization will be `1,75%/4-1 for random orientations. For a small 
number of regions, polarizations can be >20 % and changes in p of 
10 - 15 %, can be caused by switching on or off a sub -unit. However., 
even with an arbitrary number and distribution of emitting regions, 
this scheme predicts a correlation between polarization and flux 
which is not observed, In Figure 4.12, except for the two objects 
discussed above, the data points show no correlation. The data 
is only explained if amplification of the magnetic field is possThle; 
mechanisms will be discussed in the next section, Then the net 
polarization will be the sum from the individual regions, end the 
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polarization of the individual regions will vary with the trans- 
verse cori'_ponent of the magnetic field (along trajectories shown 
in Figure 5.5).. Another consequence of uncorrelated polarization 
and flux and many emitting regions is that polarization variabi7 i_ty 
may underestimate the size of the emitting region, as pointed out 
by Blendforcì and Rees (1978b) . For small numbers of sub -units, ob- 
servations will selectively choose just those regions where large 
changes in polarization are occurring. The total emitting volume 
nay be much larger. This does not ease the energy density problem. 
Transitions in polarized flux in a highly polarized region still 
involve the majority of the output of the source within a small 
volume; the energetics are still severe. In addition, the vari- 
ability tinescales based on the infrared data are known to be 
conservative (Table 4.2). 
5.:3,2 Wavelength-dependent Polarization 
Inspection of equations (4.39) - (4.41) shows that the polari- 
zation for an isotropic distribution of electrons in a uniform 
magnetic field is independent of wavelength because the only term 
containing v, 7(v,p) , drops out. The electron energy spectrum 
must be described by a power law over the energy range producing the 
synchrotron emission. The simple result of Section 5.1 is that 
the polarization is only e function of the spectral index and a 
magnetic alignment parameter. . Over the range of constant power 
law index, the polarization should be constant. However, many EL 
Lac objects show curved spectra when a broad wavelength baseline 
is taken. Nordsieck (1976) calculated the polarization from a 
power law distribution of electrons with a high energy cut -off, 
using the forma:.: a.e derived by j7egtfoid (1959) . This distribution 
results in a spectrum. that steepens at high frequencies as the 
synchrotron losses degrade the high energy population (see Figure 
4.7). Nordsieck derived the important result that the polarization 
due to a curved spectrum is given by the local power -law slope. 
Therefore for a source with a steeper optical than infra rec; power 
law, the polarization should rise towards shorter wavelengths. The 
_ ff 
11-ï.i f_ .. _lï1 of Vac! á..__èc;,'E: can ._ Cc._C..i -a ..... fr!'... the clC. Lí a .:ï07-'., in 
Section K.I.. 
-208- 
From equation (5.16) for the isotropic liait, 
Ap 
i i (a+4) (a+1) 1 _1 ? 1 I h 2 sin 2 e .,.60 ) Aü 2 (a+3) (a'S/3) (a+1) (a+=) (a+:,/3) (a+') ° ( 
Api Aa 1 1 1 1 
D. 2 [(a +1) (a +4) (a +5/3) (a +3) 
From equation (5.22) for the uniform limit, 
Apu_ Aa 1 1 1 1 
pu 2 [ (a+5/3) 3  + 
(a) r , 
(5.61) 
(5,62) 
Figures (5.3) and (5,4) can apply either to different objects 
or to different spectral regions in the same object. The polari- 
zation in the isotropic limit is very insensitive to changes in a. 
For nearly uniform field, Ap p 
A.1A% 
(a +Aa) - p 
I A X 
(a) where p 
YA X 
. takes the asymptotic value in Figure 5,4. Two objects show wave- 
length-dependent polarization, increasing towards shorter waveengths 
in both 0235 +164 and 0735 +178 (Figure 3.4) . Both objects also have 
slightly curved spectra in the expected sense (Figure 3.5) . The 
wavelength dependence is ApJF: ti 7.5 %, for 0235 +164 and 0735 +178, and 
the change of spectral index across the near infrared needed to 
produce that change is Aa 
,eTxa 
a' 0.52 for 0235 +164 and AaJK a' 0.63 for 
073.5 +1.78. The values from the data are AaJK = 0.40 4-0.2 and 0,44_ ±0.2 
respectively. The agreement seers adequate; the curvature of the 
spectra predicts within the errors the observed degree of polariz- 
ation. Note that this calculation has assured the artificial 
situation of a uniform field. Any more realistic geometry increases 
the discrepancy in the sense that the observed wavelength dependence 
will be too steel, to be explained. by spectral curvature alone. 
The wavelength- dependent polarization of AO 0235 -x-164 warrants 
a more sophisticated explanation, The data is more convincing 
because the optical points obtained by 3. Tapia extend the baseline 
Im= ey et al -see Figure 3. 5b) . On the 13 h ,s r ", su'ssta_.i..tlly 4 ? t. Decez;,e< 
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the spectre' flux from 0.44 - 2.25uri was well -fitted by a power 
law of slope a = 1.99±0.050 The upper limit on the polarization 
slope is Ap /p < 0.04, and the polarization is predicted to increase 
by no more than. 2 -3% across the infrared/optical bands. Ir. fact 
there is an increase of 8% between K(2.2um) and I(0.85pm). Further- 
more, since the infrared flux increases its curvature over the 
burst, p(X) is expected to increase with time. Figure 3.5b shows 
that the shape of p.(a) was steady within 1 %, while Aa was de- 
creasing from 1.21 to 1.03 t,, 0,75,This result conflicts with 
equations (5.61) and (5.62) . If Nordsieck's model is relevant 
then as high energy losses steepen the spectrum, p(X) should be- 
come stronger. Alternative explLna.tions are hard to find. The 




E, but it is unlikely that 
the field anisotropy parameter will vary with wavelength. It is 
also unlikely that the infrared and optical fluxes come from 
different parts of the source. More observations are required to 
be certain, but one speculative possibility is that two pepulaticns 
of electrons with sirr.ilar power laws but different high energy cut- 
offs are involved. After injection the corined energy spectrum 
would develop according to equation (4.49)- and would look very 
similar to the 'kinked' spectral flux distri_buticn in Figure 3.5b 
data for 20th December . The spectrum can easily be envisaged 
as the superposition of two curved components, p(l) is then ex- 
plained as the fact that the high energy tail of the electrons 
that dominate at high frequencies is depolarized by the low 
energy tail of the lower frequency electrons. This would suppress 
the increased slope of p(?) at higher frequencies. Clearly, 
AO 0235 +164 is an unusual object and an injudicious amount of 
speculation is needed to approximate its behaviour. 
5.3.3 Position Angle Rotation 
The analysis in Section 5.1 is not very informative about 
polarization position angle. To ease the calculations, symmetry 
about the y-axis was assured which ensured that U(w,k) _ 0 and 
the poi ton ar l_ír irk "nt...T'in tp; Forever snrì.^ intE zTpretatioi ?s 
can be rade remembering that the optically thin regime represents the 
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projected magnetic field in the image plane. BL Lac objects 
split into those with a preferred position angle and those with 
erratic variations covering all possible angles. Highly polar- 
ized objects are almost always the latter type. 
The BL Lac objects :fitted by a two- component model botl. eve 
a history of scattered position angles. If only one polar.:_ _'- 
component is present, the position angle swings are likely to be 
due to rotation of the symmetry plane of the field. This is 
more evidence for the dynamics that must be aligning and rotating 
field lines in a magnetically dominated volume on short timescales. 
For the sources where the 'hot spot' internretatior_ is preferred, 
position angle changes are a natural result of r.a-:,d'omly oriented 
sub -units fading in and out. If one out of n regions changes, 
the position angle swing is typically p /p ti radians, The 
Nei 
sources with fewer composite regions will in general have the 
highest polarization and the largest changes in polarization and 
position. angle. No restructuring of the magnetic field is 
necessary. Large changes in position angle are also expected 
in the beam models. If the emitting volume is moving at a small 
angle 0 to the line -of- sight then projection effects become 
important. The maximum rotation rate described in Section 3.4.2 
is "30o day -1 for 0J287, which' is one of the 'two component' BL 
Lac objects. Rotations of the sane order were observed in 
0235 +164 and 0735 +178 over a five day period. Between - observing 
sessions (' months) the position angle can ch :lge by ',60 -700. It 
has already been demonstrated. that these rotations occur internally 
since the Faraday rotation limit (equation 4.80) rules out a 
large amount of thermal plasma surrounding the source, The 
Faraday effect occurs because a plasma is an a-inisotropic medium. 
to the passage of left and right -hand polarized waves. The dis- 
persion relation between the orthogonal components leads to a 
rotation of the plane of polarization during propagation, which is 
proportional to v 
-2 
(equation 4,67) 
The data for CJ227 can be probed further with differential 
Faraday rotation. If observations are rade at two or acre ire - 
uenciea, Ct! .1'ì;' .. in. Faraday roi'"r.ticn can be sepcc a.'tcd 
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changes in position angle, If variable Faraday rotation was 
acting the position angle rotation at K(2.25tm) should be 'L4 
times larger than the rotation at J(1,25pn) , From Table 3.3 
it can be seen that between 19 -- 22 December, 1979 the position 
anglo of 0J287 rotated by 
oe=36±5° oeJ=31±3° (5,63) 
The upper limit on the variable Faraday component is defined 
by the errors to be "v5° or 0,1 radisns, Using the approach of 
Wardle (1977) , which is independent of B, and equations (4,63) - 
for Th and (4.72) for nrel /nc gives, 0 
n r./. 
ti 10 
el c (e 
ti 45°) (°>oE") 
There is a larger density of ultra -relativistic than cold 
electrons, but the limit is not nearly as severe as the radio 
limit of Wardle's. The reason is that the brightness temperature 
constraint is weaker. At infrared wavelengths the brightness 
temperature is orders of magnitude below the limit for incohere -,t 
synchrotron radiation, even for the most compact sources. Never- 
theless, this limit confirms that propagation effects are small 
for the polarized flux. 
5.4 Acceleration Mechanisms 
The discussion so far has encompassed the energetics of the 
power source and the properties of incoherent synchroton radiation 
that account for the observed spectrum. A very iniportent black 
box between these two is the process by Which the power law electron 
energy_ spectrum is created. There are several reasons why the 
acceleration nechanis;_ is important in understanding the polari- 
zation data. Strong a: : :, ?.'rents based on radiative life -times 
indicate that in situ acceleration of electrons must occur well 
away from the central power source. Constant replenishment of 
e e: rons ICer _ c: the ii:ie-tiae 07. tha source is an vi :at::raciive 
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possibility. Therefore the re- acceleration of electrons and 
generation of polarized continuum are happening in the same 
volume. Also it has been demon :;trated that restructuring of 
the magn. -tic field is impo.-tart in some BL Lac objects. Therefore, 
the dyn .. .cs of the magnetic structure and the polarization 
specb.um are strongly linked. 
Unfortunately, the cosmic acceleration of particles is on 
of the most difficult areas in astrophysics. In addition to 
generating a power law energy spectrum, the .process must be very 
efficient. The key role played by turbulence in most theoretical 
mechanisms may rule out any quantitative solution to the problem. 
In this section a few simple r..echanisas will be discussed, with 
emphasis on those where magnetic fields are imrortant, 
5.4.7. Acceleration by Shocks 
A general phenomenon in plasmas is the tendency for compression 
waves to steepen and form shock waves. As the wave progresses 
the balance between convective (non -linear) and dissipative effects 
determines the dimension of the transition region between undis- 
turbed and shocked fluid. The presence of magnetic :fields in 
the hydrodynamic fluid adds complications by permitting two extra 
modes of wave propagation, which have longitudinal components and 
can form shock waves also. 
Figure 5.8 shows a simple geometry for a stationary magnetic 
discontinuity (shock). The perpendicular component of the nag- 
netic field is continuous across the boundary, and the shock 
strength is defined as the ratio of the field strengths on the two 
sides, 
B2 cos01 
s = Bi cos82 





where ji is Ti: fluid velocity. ïînf Lhe propagation CC waves in 
the plasma, two usoful velocities can be defineG. (e g. Ytzr_t1'o`:'it7_ 
& Petschek, 1966), 
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2 Yp 2 B2 
a = 
P 
, b = 4P (5,66) 
where y is the ratio of the specific heats Cp /Cv, p is the plasma 
pressure, p is the density and B is the magnetic field strength. 
The geometry in Figure 5.8 shows a 'fast' shock, ..here the tangent: al 
component of B increases across the discontinuity and the entropy 
is higher on the high density side (Ericson & Bazer, 1959) . The 
ratio a/b represents the ratio of gas to magnetic pressure in front 
of the shock, and Figure 5.9 shows s and t plotted against the shock 
Mach number for a/b = 0 (i.e. magnetic pressure dominating) and 
arbitrary directions of propagation with respect to the magnetic 
field. It can be seen that in the limit of very strong shocks 
the tangential field and density increase by the same amount. 
The energy gained by a particle crossing (or being reflected by) 
the front at oblique incidence is given by Toptyghin (l980) . 
The approximate energy increase for arbitrary energy density and 





« mc2 (5.67) 
and the maximum energy gains for passages through, and reflections 
from the shock are, 
= l 
T V 2 2 
dER = e()2 2- 1 (5.68) epyX E(c B1 - ?' MAX c B1 
where c is the initial kinetic energy, and p the particle momentum. 
Although energy is gained by any crossing of the front by the 
particle, the average energy increase is less than the initial 
kinetic energy. 
In the astrophysical situation relevant to active nuclei, 
several assumptions can be made. It can be assumed that the 
central source is generating a stream of plasma which represents 
a supersonic energy flow. The outflow need not be relativistic 
and no assuupt7 cn is made about its geometry. A strong shock 
will be set up for a wide rax:go of plasma conditions, because the 
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presence of magnetic fields ensures that waves will be excited in 
more than one ?node,. There are several important scale lengths. 
One is the shock thickness S, another is the Laerror radius of 
the electron given by equation 424 (col, = eB 
/Yrc) 
, and. the third 
is the scale length in the shocked fluid L. For mildly relativistic 
electrons, S « L « L and the shock appears as a discontinuity to 
the gyrating particle. Also, the electron density in the fl6wing 
plasma, ne, will be such that the mean free path for collisions 
X » S. This justifies the neglect of the plasma pressure (a « b). 
The implication of a strong, collisionless shock is that viscosity 
and collisions are ineffective for dissipating the energy in the 
shock transition region. The mode of dissipating energy is 
theoretically uncertain, but it is likely that the flow energy is 
first turned into turbulent energy, and subsequently damped into 
random (thermal) motions, The basic properties of plasma shocks 
are reviewed in Zell dovitch and Raizer (1966) and Boyd and 
Sanderson (1969) 
5.4.2 Turbulence and Fermi Acceleration 
As a mechanism for accelerating electrons up to ultra. - 
relativistic energies, simple shocks are very inefficient. The 
energy gain across the front is a fraction of the kinetic energy, 
and since S « rL there is usually only one crossing before the 
particle escapes. Large accelerations require multiple inter- 
actions with the wavefront, which can occur either through multiple 
shock fronts of the action of a shoe'_ front in a turbulent medium. 
The existence and form of turbulence hear a strong shock is an 
uncertain theoretical area. However the wealth of instabilities 
which a magnetized plasma can support are a strong reason for ex- 
pecting turbulence to occur. Most theories predict a r, ero- 
i 
structure on the order of the ion gyrorathtis (r) , and turbulence 
will accelerate the particles by stochastic crossings of the shock 
front. Multiple shocks ray also play a part in the a.ccelera.tion. 
Therefore the action of turbulence can. transform the plasma flow 
energy into a reservoir of turbulent magnetic energy. 
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Subsequently, the turbulent energy is da,rped into particle 
energy in a volume which depends on the damping mechanism. The 
density behind the shock is increased (equation 5065) but collisions 
can still be neglected. There are several modes by which the 
damping energy accelerates particles. All derive their energy 
from the entropy generated by the shod; front, and all can be cal - 
culated by assuming a diffusive solution for the energy transport, 
Fermi (1954) considered an important process where particles were 
accelerated by colliding with moving magnetic ',homogeneities. 
Considering the simplified one dimensional case, with magnetic ir. -- 
homogeneities moving at velocity V, particles at velocity v, and. 
a mean free path LF between collisions; the rates of collision 
from both directions are (v +V) /L and (v -V) /L. In the frame of 
the inhomogeneity, the gains in kinetic energy are 2Ì V(v +V) and 
2MV(v -V) , and the mean rate of change of kinetic energy is, 
dE 4MV`v 
dt L 
giving a fractional change of K.E. per collision of 




( ̀ J) 
(5,69) 
(570) 
where v/L is the collision rate. Assume a steady state situation 
of particles being injected at E0 and being accelerated until they 
are too energetic to be contained in the magnetic field, then 
dE 
N(E) = A/-- 
t 
= A /kE in the relativistic case where v =c and the 
mean free path L is independent of E (i.e. dE /dt = kE) . k and A 
are constants. Since the acceleration does not depend on the 
particle mass, protons are accelerated to the same energy (in equi -- 
partion) as electrons. The injection at Eo is No = N(Lo) (dE /dt)o 






The energy spectrum has a slope of -1. To make this more 
resli r,tic, it is known tbet the pn7 titles will lead-- tmay wi.th ft 




S t + 6 ( át N) = a 
the additional less term leads to 
Sri 
S+ - (kE t; ) + 
P7 
= O 
E SE T 
and the steady state solution is 
ri(E) = No To l+l/kT 
kT { T~I 
o 
Therefore the spectrum. is steepened by an amount which in- 
creases the more quickly the particles leak away, in a similar 




Many authors have considered the formation of a power law 
electron spectrum via the Fermi process (Burn, 1975; Axford et al. 
1977, Bell, 19 77; Blandford Ostriker, 1976). The initial 
problem was that the original Fermi model predicts a spectral ins :`ex 
of l +T /T where T is the acceleration timescate and T was the escape 
time, and it was not obvious that these two ;=.!.ould be related and 
hence lead to the observed narrow range of a observed. Kuisrud 
and Ferrari (1971) have demonstrated that the rate of acceleration 
is a direct function of the turbulent energy density, and Burn 
(1975) has shown how this will lead to a self - regulating regime of 
a power- law spectrum with a stable slope. Unfortunately, the 
treatment is only valid im the adiabatic lint for a small gyro- 
radius. The ideas of Blandford and °striker (1978) aee pore 
applicable. They postulate that high energy particles can be 
scattered from Ali v n waves behind a strong shock and lead to 
Fermi acceleration in which T T and a power law is produced. 
In fact, a power law spectrum is a natural result of a stochastic 
acceleration process such as acceleration by transfer of turbulent 
energy. These ideas have been extensively developed to explain 
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the acceleration of cosmic rays (Davis, 1956; Fisk, 1971 and 
many others) and the processes occurring in e`spsnding supernova 
shells (Chevalier, 1977; Shklovsky, 1976). Direct evidence of 
shock acceleration cores from the bow shock of the Earth's magneto- 
sphere (Ness et 'al., 1964). 
she particular choice of Fermi acceleration is not crucial. 
Many modes of oscillaticn can be set up in a cold, magnetized 
plasma, but the physics can be quite complicated and the power 
spectrum of accelerated particles is not always well determined. 
Most of these modes have wavelengths much shorter than the scale 
lengths of turbulence. relevant to Fermi acceleration, but can 
accelerate electrons efficiently by a variety of mechanisms which 
are not mentioned here. The simple model of a power law electron 
distribution can be summarized as 'follows. Bulk motion of a mag- 
netized plasma is converted to turbulent energy at the site of 
a strong, collisionless shock. The shock itself may be thought 
of as a discontinuity, but the region of dissipation into turbulent 
energy is larger and should be as large as the yroradius for the 
pre- s<lock electrons. The turbulent energy is then converted by 
sore stochastic collision process into random particle motions, 
which. in the steady state will have a power law spectrum. This 
is shown schematically in Figure 5,10i. 
5,6,3 Magnetic Field Reconnection 
Hoyle (1949) and Dungey (1953) originally suggested that 
particles in solar flares could be accelerated between regions of 
oppositely directed magnetic field (neutral sheets), Magnetic 
lines of force will rapidly reconnect if two regions of opposite 
field are compressed with insufficient fluid pressure between to . 
keep them apart. The basic physics has been described by Parker 
(1973) . If there is a crossover region where the magnetic field. 
Changes sign, and hydrostatic equilibrium demands that the stun of 
magnetic and gas pressures is constant, 
p + B2/ß,; k (5,74) 
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then the fluid .pressure will be highest ;above ambient) in the 
crossover region and the fluid will flow &way along lines of 
force. Therefore the regions come closer, and since (5.74) is 
always satisfies., th- field gradient continues to increase, If 
the thin layer has a characteristic thickness , then Maxwell's 
equations in a conducting fluid DAB = 47j /c and E = (vAB) /c + 
j /cr lead to, 




4w cr dX c 
(5,'l) 
where x is the direction across the reconnection zone. The 
electric field generated. is transverse to the x direction since 
under steady conditions SB /St = 0 and from the induction equation 
VILE = O. The limitations on the rate of reconnection are the 
conductivity. of the fluid and the timescale needed to diss=ipate the 
fluid from between field lines, Petschek (1964) and others have 
argued that the large electric fields generated in zones of re- 
connection can accelerate particles to high energies. 
A situation where this mechanism is relevsnt was encountered 
in the last section. At the shock discontinuity, a transverse 
component of strong electric field is induced. However, it is only 
significant for particles travelling along the shock front. The 
most important oscillations in a magnetically stressed fluid are 
Alfven waves. A magnetic fluid has a tension B` /4e along the 
lines of force, and transverse waves can be excited in direct analogy 
with elastic strings. When field lines reconnect, the character- 
istic speed for the fluid to be ejected from the region between is 
the Alfven speed V = B/w p. Therefore the electric field in- 
duced is related to V by, 
E = nEIV A/c (5,76) 
where n is a number of order Oat (Yeh and Axford, 1970), It can 
also be noted that compressional Alfven waves nay he excited, and 
they will act to locally compress the field lines. Although this 
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mechanism has the potential for accelerating particles, i_f the 
region of reconnection is srral.l the process will be very inefficient 
because most of the available energy will go into acceleration cf 
the streaming fluid. If oppositely di-acted fields meet over a 
long front, the proportion of magnetic energy turned into relati- 
vistic particles can be higher. Hc :wèver in its simplest form,, 
field reconnection does not seen a promising acceleration mechanism. 
The situ ::.;ion improves if the idea of topological dissipation 
is included (Parker, 1972). If a magnetic field with a large scale 
value Bo has cwaplicated field structure on a smaller scale (e,g 
twisting, braiding of field lines) , then rapid reconnection of the 
field lines will limit the small scale fields to equipartion 
value Lpu2, where u is the characteristic velocity of the fluid in 
the small scale disturbances. A complicated topology is always a 
non -equilibrium state, and field lines merging will always act to 
reduce the structure to the simple form B. In a turbulent plasma, 
very efficient particle acceleration ray be possible 
mechanism. For turbulent eddies of scale length ß, field B, 
life -tire T and velocity u, Parker (1972) has shown that the topo- 
logical dissipation rate is tic:." /VA, where a is a number near unity. 
The scale Q decreases and E increases, and then reconnection dis- 
sipates the field when L = TVA /a and B = Boau/V 
A 
. Topological 







Therefore if turbulent energy is created such that out > 
Eó /8ir then the small scale fields can be stronger than Bo, but 
weaker than the equi.parition value. In other words, a large 
amount of turbulent energy can he concentrated in - Seem` 
netic fields which will dissipate through fi creconnection and 
hence accelerate particles. The pre s mill be more efficient 
than the 'tearing node' ins t .'. Lrty because reconnection occurs 
throughout the tu.xbu1^,.+ volume. The particle energy spectrums 
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is difficult to predict, but since the energy reservoir is in the 
form: of stochastic eddies, a power law right be expected° 
5.4.4 Beam Models 
Rees (1971) originally proposed the beam model to explain_ the 
transport of energy into the extended components of double -lobed 
radio sources. Since then, it has been expanded axbitiously to 
encompass the luminous jets and bridges seen linking 'hot spots' 
to the compact sources in the nuclei of radio galaxies, and even 
the difference between quasars and BL Lac objects. The principles 
of the model are presented in a classic paper by Blandford 
Rees (1974) , and can be succinctly stated. Ite7 ativistic plasma is 
generated near the active nucleus and escapes along oppositely 
directed exhausts which are collimated in a manner similar to a 
de Laval nozzle. The relativistic beam travels until it inter- 
acts with the external (intergalactic) medium in a series of strong 
shocks , and the bulk notion is converted into particle energy at 
a 'working surface'. Many of the principles discussed in this 
Chapter are relevant to pa_°ticle acceleration at the ends of the 
beams. Blandford and Pees (1974) invoked 'a strong shock, and. 
extensions of this idea have explained the energetics by relati- 
vistic blast waves ( Blandford & McKee, 1976, 1977; Jones and 
Tobin, 1977). The problems of setting up a beam which will remain 
stable for up to 108 years are mostly unsolved, and involve the 
stability of the nozzle floy and the protection. and confinement 
of the beam when Kelvin,- Helmholtz and Rayleigh- Taylor stabilities 
may arise (Shener, 1974). A common feature of bean models is the 
. relativistic bulk motion of the emitting volume (r). For certain 
lines of sight the energetics of the source are eased, as described 
in Section 4.2.1. With a jet as an underlying structure, some 
authors explain the differ_. ces between BL Lac objects, OVV 
quasars and quasars, and extended. and compact radio structure as 
being projection effects ( Blandford & Pees, 1975; Blandford 
K_önigl, 1979; Péarscher, 1980). BL Lac objects represent lines 
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of sight very near the beaming axis where the continuum: radiation 
is boosted in the obser'ver's frame. Emission line clouds nay 
exist around the central source, but the emission lines in EL Lac 
objects are we because the continuum is strongly beamed. The 
beam model has strong statistical consequences for EL Lac properties. 
The probability of an orientation down the jet is 1/r24 and ob- 
served jets in radio sources indicate 0 ti 5 -100 and about 1% of the 
population of active nuclei have beams towards the observer. Be- 
cause of the enhanced continuum, BL Lac objects should be the 
brightest among quasi es in a given redshift range, and they may 
not be rare w. r. t. other quasars because of the obvious selection 
effect in favour of the beamed sources. BL Lac objects are ex- 
pected to be anti -correlated with double-lobed radio structure. 
These effects are borne out in general, though the sample used in 
this study is too small to add to these arg.:uents. The polari- 
zation properties of beamed emission are predictably very dependent 
on the beam. geometry. Simple predictions are that the polarization 
of the 'jet' will depend on the transverse component of B which goes 
as r 
-1 
where r is the distance from the nozzle. B il a, r -2 and a 
small shear can isotropize the field and wash out the polarization. 
The polarization position angle will depend on projection effects 
if 8 is small, and n:ny vary drastically. However, specific pre- 
dictions become very model -dependent. 
5.4.5 Applications to BL Lac Objects 
There are many ingeneous schemes which can accelerate electrons 
to ultrarelativistic energies, and few solid physical reasons for 
choosing between them. In the environment of BL Lac objects 
several acceleration.mechanisms may contribute, and the principle 
requirements are high efficiency and a power law energy spectrum. 
The dissipation of turbulent energy behind a shock front can naturally 
lead to a power law spectrum. However there is a contradiction 
which results from the acceleration and synchroton emission occuring 




> B2 /87r, the energy in stochastic motions 
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dominates the magnetic energy. Yet the highly polarized synct'roton 
emission implies p4/8Tr > pe, the aligned nagneti c field. doninatcs 
particle notions. some way must be found of injecting the acceler- 
ated spectrum of electrons into a region of uniform magnetic field 
in a tine < t 
sync 
The extremely short radiative life -tire of the 
° 
electrons is a powerfel constraint on all theories. For the most 
luminous objects, even a bulk Lorentz factor of the emitting region 
r = 5-10 does not help. The radiative life - time (Table 4.2) re- 
mains much smaller than the source crossing tine and re- acceleraticn 
cannot be avoided. 
There are two nodes of acceleration which avoid the paradox of 
the last paragraph. If the acceleration is impulsive and the 
electrons are accelerated to a high energy y m c2 in a time t 
acc e acc 
< t , radiative cooling will take over and reduce the energy 
,sync 
ay" The appropriate mechanism would be either a relativistic 
blast wave or rapid. magnetic reconnection. Sudden acceleration 
could account for the short tinescale flares in BL Lac objects. 
Alternatively, a steady state situation can be envisaged based on 
the stochastic acceleration mechanisms such as turbulence and ion 
collisions which gradually accelerate the electrons to large y's. 
The situation depicted in Figure 5.10 is modified as follows. As 
before, a fixed efficiency of bulk outflow energy from the nucleus 
is turned into turbulent energy across the shock. The electrons 
are accelerated in this turbulent region to an energy where the 
rate of energy gain is balanced by the synchrotron cooling rate. 
The turbulent zone acts as an energy reservoir, and in an equili- 
brium situation accelueated electrons will stream away from the 
turbulent zone into regions where magnetic stresses dominate (a 
strong shock increases E2 /87r by x16). Equating synchrotron life- 
tine to the acceleration tine., 
3 u 
3r4 c. . vL 
2e 3iy U1 UI 
(5.7S) 
where K is the diffusion rate across the shock, L is the concent- 
ration scale length in the shocked fluid and Lit is the flow velocity 
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cf the un shocked fluid. For the luminous sources in Table 4.3, 
B ti 104 Gauss., T, < :i second and the diffusion length is given 
by the gyroradius of the most energetic electrons L > 3 x 106 cm. 
If the electrons _e injected into the shock at near-relativistic 
speeds, then the fluid flow required is U1 > 100Okms -1 Therefore 
the most energy is electrons have a diffusion tire L/c < Ti and 
can emit most of their synchrotron power in a region of aligned 
magnetic field beyond the turbulent zone. The maximum energy is 
< 1GeV and the electrons radiate behind the shock at a frequency 
of 11'2 x 1012Iïz 0,10011m) which corresponds to the peak spectral 
energy of observed quasars and BL Lac objects. 
This picture of extreme non -thermal radiation where the accel- 
eraticn and rad.iaticn rates reach an equilibrium implies a very high 




n 2e ? 2 Ync 
3m2 c3 
(5.79) 
which gives Uacc > 2 x 1O10erg cm 7.' for BL Lac objects like AO 
0235+164 rind 3C44E3. To illustrate this energy density, if the 
region contained interstellar ionized gas (P ''10 `$gem 
-3 
3) rather 
than turbulent energy, the protons would reach a kinetic cosmic 
r 
ray temperature of 2 x 1030eV (this is 1022 times higher than the 
cosmic ray energy density in ambient interstellar space, Kulsrud 
and Pearce, 1969) . As far as the energetics are concerned, the 
observed levels of L `i, 5 x 1048ergs s -1 in a volume R3 " 1045cm3 
can be achieved in this picture. The most energetic electrons, 
radiating on a timescale <1 second can be accelerated in a fraction 
of the emitting vo1u me, 
U R 
3 
= Lt - 2 x 10-5 
If a spherical geometry is assumed, the shock acceleration 
zone represents a shell of thickness dP (EL) , 
-F 





giving L ti 6 x l0' cri which is in order-of-magnitude afire =anent with 
the thickness given by the £yyroradius of the most energetic 
electrons. An mentioned with the beam models, spherical symmetry 
may not be applicable. In that case, any preferred freire for the 
observer will reduce the energy requirements. 
The polarization properties are also comprehensible in terms 
of this description. The interpretation of the models in Section 
5.2 is that the highest observed polarizations must come from 
localized regions in the emitting volume, which is rore indirect 
evidence of a 'shell' structure of emitting zones. The 'hot spots' 
described in Section 5.3 can now be identified with shock fronts 
behind which the electrons are accelerated directly into the 
amplified magnetic field. It is likely that many shock fronts 
will fornì and in converging and diverging stream they can reheat 
the electrons from previous bursts. The high ( >20%) polarizations 
of some BL Lacs indicate that very few events are involved, and 
the magnetically stressed region behind the shock has a high deree 
of alignment. There is a final argument suggestive of this 
picture based on the non -isotropic models in Section 5,1,2. It 
is shown ir. Figure 5,9 that a strong shock can increase the ambient 
magnetic field by up to W factor of "our. It is easily seen that 
this is directly equivalent to chaziging the anisotropy factor 
L\B /B in the model (see equation 5.59). Moreover, Figure 5,7 shows 
the polarization as a function of AB/B, and comparing it with the 
data a factor of 4 change in SB/B can explain the ranges of polar- 
ization for each object. This agreement, even for the artificial 
model with spherical symmetry, indicates that this mechanism is a 








to s e 
a) Y'<y1 b) Y 1 
Synchrotron emission from an electron in a magnetic 
field 
B with a pitch angle P. Emission is within the shaded area, 
and AB represents typical anisotropy in B. 
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Figure 5.2 Uniform and isotropic magnetic fields. 
Uniform field (Bo) is superimposed on an isotropic 
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Figure 5.3 Degree of polarization against ratio of uniform to 






















Figure 5.4 Degree of polarization against ratio of uniform to 
isotropic fields for the uniform limit (B /B1)<<1 . 
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B 
Degree of polarization against ratio of uniform to 
isotropic fields for spectra with power law slopes 
of a =l and a =3. 
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r 
Figure 5.6 Non- isotropic field B with axis of symm: ry b0. The case 










Figure 5.7 Degree of polarizaion against anisotropy parameter 
for a non -isotropic, spherically sy ^etric source. 
Magnetic field strength uniform (untagged curves) 
and proportional to 1 /R2 (tagged curves). 
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-00"" ;. ) 
0-1 
Figure 5.8 Geometry of the magnetic field across a shock front. 
1 is the pre -shocked medium, 2 is the post -shocked medium. 
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Fast, collisionless shock in a cold gas (a /b =0). 
01 is the propagation angle w.r.t. the magnetic field. 
a) Density ratio and b) Magnetic field ratio are 
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Particle energy 
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4 luid flor -0, 
Schematic diagram of particle acceleration behind a 
strong, collisionless shock. 
a) represents the scale length L on which major changes 
in B, u and p take p'_ace where L »rL »S. 
b) represents the conversion of flow energy into turbulent 
energy in the shocked region, and subsequent dissipation 




6.1 Space Density of EL Lac Objects 
To understand the relationship between BL Lac objects 
and other active nuclei, it is important to know their space 
density as a function of epoch. Unfortunately the sample is 
small and heterogenous, and the redshift data is very incom- 
plete. Setti & Woltjer (1977) put a lower limit of nBL 30 
Gpc -3 on the local space density assuring Ho' 50 kms -1, and 
this can be compared with the local density of quasars down 
to Mv< -23 of n 100 Gpc -3 (Fanti et al 1973). Relative to 
the qussa;.s,Setti & Woltjer concluded that the luminosity 
function of BL Lac objects must be comparatively strong and 
the cosmological evolution comparatively weak. However, at 
low redshifts the comparison between quasars and BL Lacs 
is hampered by the small number of quasars. It is also unclear 
whether the low luminosity, low redhift (z < 0.7) objects 
like AP Lib and Mk 421 are part of the sane population as 
the ultra - luminous sources like 3C 446. There are few high 
redshift BL Lac objects and their selection is probably 
dominated by the Scott effect which favours distant, luminous 
sources. 
More recently, Setti (1978) has put an upper limit on 
the surface density of BL Lac objects using the Braccesi 
field which is complete down to B -19.3 (Braccesi et al 1970), 
and has Vesterbork 1415ÌvLFiz flux: levels down to 15 nuy. The 
limit for B < 19.3 and radio flux densities> 15 mJy is < 7x10 -2 
(sq.deg.) 
-1 
. However, this estimate suffers from several 
biasses. First, the optical candidates were chosen to have 
an ultraviolet excess U -B < -0,35 and it is now clear that 
the optical colours of HL Lacs vary considerably and ultra- 
violet excess is generally not a good selection criterion 
(Stein et al 1976). Also, the selection of candidates was 
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based on radio emission which excludes radio quiet (or weak) 
BL Lac objects. The radio properties of the class were 
summarized in Chapter One, and it was argued that despite 
almost all BL Lac objects being found in radio surveys, 
the presence of strong radio emission was not simply a 
selection effect. On the other hand, the composition of the 
current sample of BL Lacs is very dependent on the method of 
radio measurement and identification. 
The strongest effect on the composition of the sample 
comes from the radio detection frequency. The original low 
frequency surveys such as the 3CR survey at 178 MHz selected 
sources with steep spectra i.e. a slope in the log S - lcgV plane 
of -0.7. Only a small fraction had unusual spectra in th_, 
sense of a high frequency excess or a low frequency cut -off, 
and the sources were contained in a small region of the radio 
"two - colour" diagram (Brandie and Bridle 1974, Wall 1975). 
Quasars and radio galaxies are virtually indistinguishable in 
a low frequency sample. Surveys conducted at a higher search 
frequency (27 GHz, 5GHz) pick up a new population of sources 
with flat or inverted spectra. The proportion of these "flat" 
spectrum sources increases with finding frequency because of 
the greater sensitivity to sources with an excess of high 
frequency flux. Approximately 40% of the Parkes 2.7 GHz 
sources have flat spectra (a< 0.5) and they are well- dispersed 
on the radio "two -colour" diagram and can be easily distinguished 
from the type of radio galaxy which predominates in low frequ- 
ency surveys. A great majority of flat spectrum sources in the 
Gltz range are identified with quasars and BL Lac objects 
(Condon et al 1977). The proportion of quasar identifications 
rises from 15-20% for 3CR sources (Smith et al 197 (3) to 50% 
for strong 5 GHz sources. Of these quasars, 5 -10% are BL Lac 
objects in a typical 5 GHz survey of sources > 0.6 Jy (Shaffer 
1978b). BL Lac objet' have almost universal centimetre- excess 
spectra and are often opaque out to 90 GHz, so it is not sur- 
prising that the proportion of sources identified with BL Lacs 
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increases with radio frequency (Pacht 1976). In a 90 GHz 
survey by Owen & Mufson. (1977) , 5 out of the 10 strongest 
sources were BL Lac objects. BL Lac objects may well predom- 
inate in a millimetrf';- wavelength survey, and it is clear that 
ratio of identified BL Laca to quasar :> and radio galaxies is 
very dependent on the radio search frequency. 
The method of ideatificatioe of radio sources also has 
an effect on the proportion of BL Lac objects discovered. 
If accurate radio positions are available, identifications 
can be made solely on the basis of positional coincidence 
with an optical image, without regard to nc:r.hology or colour. 
As already noted, the criteria of UV excess and strong emission 
lines which work well for quasar identifications, are not always 
appropriate for BL Lac objects. Condon et al (1978) identified 
a complete sample of 99 2.7 GHz sources stronger than 0.35 .:y 
using only positional coincidence, and the fraction of identific- 
ations achieved was 78%. The nature of the remaining blank 
fields is of considerable interest, and two separate approaches 
have indicated that the counterparts to these sources may be 
BL Lac objects. First, Peterson et al (1973) succeeded in 
identifying b95°,'ó of a sample of 2.7 GHz flat spectrum sources. 
They used double exposure plates to look for UV excess, but the 
- greater completeness resulted from taking second epoch plates in 
the cases where no identification had originally been made. 
Since 20% of the sources identified in their search correspond 
to blank fields on the Palomar Survey prints (which has the same 
magnitude limit as the double exposure plates), variability 
is an important parameter in achieving completeness. Several of 
the sources in the blank fields turned out to be BL Lac objects, 
including two of the most extreme variables known (0537 -441 and 
2315 -404) . A different approach was taken by Rieke ft al (1979) 
who investigated the blank fields of a similar radio sample by 
looking for 2.2pm flux at the radio position. They detected 
infrared sources at half the radio positions, and in common with 
BL Lac objects these sources have the properties of strong infrared 
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excess and rapid variability (Soifer & Neugebauer 1980). Rieke 
& Lebo f;sky (1979) have claimed that with a combination of infrared 
and optical techniques ''95; of a sample of flat spectrum sources 
can be identified. The implication of this work is that past 
identification procedures have tended to underestimate the proportion 
of BL Lac objects among flat spectrum radio sources. Their rep- 
resentation is more complete when the identification is based 
not only on the presence of UV excess and emission lines, but also 
on infrared excess, variability and polarization. 
The final influence on the current sample of BL Lac objects 
is the radio flux limit of the survey. Since BL Lac, objects are 
mostly flat spectrum sources, it is the constitution of this 
population with decreasing flux density which is of interest. 
The cosmic evolution of flat spectrum radio sources with redshift 
information has been estimated in two ways. Schmidt (1977) and 
Peterson et al (1976) both found <V /V >=.52 for samples of flat 
spectrum sources selected in the GIiz range. This value is con- 
sistent with a uniform space distribution, and differs sub- 
stantially from the values of <V /VMAX >for steep spectrum quasars and 
optically selected quasars which both indicate strong evolution. 
Differential source counts at 2.7 0Hz support this conclusion, the 
shape of the flat spectrum counts indicating no evolution and a 
"Euclidean" space density. (Condon and Jauncey 1974, Wall et al 
1980). It is noted that the difference in evolution between 
flat and steep spectrum sources depends on the redshift distribu- 
tions of the two samples being identical. Because of the high 
luminosity of most flat spectrum sources, their numbe :_ ~a are expect- 
ed to fall off at lt;. ar flux densities (Fanaraff &. Longair 1973) . 
Yet there is a considerable excess of flat and inverted spectrum 
sources at faint levels (< 20 mJy), the observations being discussed 
by Wall. (1978) and Davis (1977) . It may be signif ; cant that these 
excess sources have exactly the adio spectra and luminosities of 
the majority of low redshift(z < 0.1) BL Lac objects. 
It is clear that the propert ±es of BL Lac objects are domin- 
ated by the manner of their radio selection and identification. 
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Therefore a radio -independent search is very desirable, and it 
can be undertaken most efficiently in the optical band. In a 
homoge7ious sample of radio sources these identified with BL Lac 
objects tend to be 1 -2 magnitudes brighter than those identified 
with quasars (Usher 1975) .. In terms of their radio selection, EL 
Lac objets are very bright optically. For example, the list of 
56 BL Lacs in Angel & Stockman (1980) contains 13 at My < 15.0 
and only 8 at 18.0. This can be compared with the magnitude 
distribution of radio- selected quasars which peaks near My-18.5, 
and the magnitude distribution of optically- selected QSO's which is 
still rising beyond My =20 (Hewitt £z Bu- ~bidge, 19fÁ) . The corollory 
of this view is that when selected optically, BL Lac objects 
differ from quasars in having a lower radio flux. Certainly if 
each of the known BL Lac objects was placed at the redshift distance 
corresponding to the flux limit of the original radio survey 
almost all of them could easily be detected in a faint optical 
search. An optical search down to My = 19 will probe the known 
properties of BL Lac objects down to very low radio flux levels 
i.e. it will test whether there are any radio quiet BL Lacs. 
The two optical properties which distinguish BL Lac objects 
from other active nuclei are high linear polarization and rapid 
variability. Photographic polarimetry using a Schmidt telescope is 
the most effective optical search technique because of the large 
fields which can be covered (1'10sq. degrees) and the faint limiting 
magnitude which can be reached (mB _ 20). In addition, the plate 
material can be analyzed for flux variability as well as polariz- 
ation. The sensitivity of the survey relies on the fact that most 
BL Lac objects have maximum polarizations greater than 10%. Since the 
polari.zatioe is known to vary, the completeness of the survey must 
be estimated from the known polarization properties of BL Lac 
objects. A polarization search detects BL Lac objects by their most 
physically interesting property. A high degree of polarization 
it the optically thin regime indicates an ordered magnetic field, 
if the emission mechanism is synchrotron radiation. It was shown. in 
Chapter One that there is a 1:1 correspondence between the occurence 
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of high polarization, variability and strong rath omission. So 
the polarization search defines the radio properties of an optically 
selected sample, and puts an important new upper limit on the surface 
density of BL Lac objects. 
6.2 Photo : aphi,; Polarimetry 
The first use of photographic polarimetey was by Ohman (1941) 
who used a twin image polarimeter to detect polarization in extended 
objects such as the moon and M31. He used a spectrograph where the 
prism or grating was replaced by a Wollaston prism, and eventually 
extended the technique to deduce polarization in two colours 
(Ohman 1947). Since then, the effort has divided between work done 
with a beam -splitting polarimeter on a single exposure and multiple 
exposures taken through a Polaroid filter. The first apprach 
requires a birefringent crystal to split the light into perpend- 
icularly polarized beams. Serkowaki (1960) used pairs of calcite 
prisms with their axes perpen"i cul.ar, and by comparing photographic 
and photoelectric measures for the same stars found an r.m.s. 
deviation of 0.02 magnitudes for stars brighter than Mpg = lO. 
Brand (1971) has shown that in the fast bean of a Schmidt telescope, 
the photometric accuracy of the double calcite plate method is 
probably limited to 2%. 
The alternative method involving sheet Polaroid was used by 
Tripp (1956) and Baade (1956a) to produce relative measures of the 
polarization of extended objects like the Crab Nebula. Zwicky 
(1956) generated composite photographs from exposures at different 
position angles of the Polaroid, and suggested that the-entire pattern 
of linear polarization of a nebulous object could be revealed. Gie eking 
(1977) confirmed this by taking prints from Baader original plates of 
the Crab and forming composite photographs. By comparing the composites 
with photelectric polarization measurements, he concluded that 
the polarization detection limit was about 10%. Unfortunately 
the nonlinearity of the emulsion makes it very difficult to cal- 
ibrate the photographic method directly. Baade (1965b) also took 
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Palomar 5 m.plates of the jet in the giant E galaxy M87,. and 
showed the knots of the jet to be polarized. Twenty two years 
later, Sulentic et al (1979) carefully repeated the original set 
of 5m plates under conditionswhich were as identical as possible. 
With PDS measurements and extensive image processing they showed 
that the intensity and polarization of at least one of the knots 
had changed in the 22 year interval. An ingenious method 
for detecting the polarization of large numbers of stars was devel- 
oped by Treanor (1967). A slightly inclined plane -parallel 
glass plate and sheet of Polaroid were rotated at 1- 2I.'.z during the 
exposure, and the deviation introduced by the plate converted 
each image into a ring. Polarization was detected by looking 
for modulation in the intensity of the ring, and microphotometer 
tracings of stars in Cygnus II association showed a prominent 
modulation. The first accurate photographic study of polarization 
was carried out by Pratt (1968) using a Polaroid filter on the 
Edinburgh Schmidt telescope to observe 527 stars down to Pr3 
v 
=13 
in a one degree diameter field. Imaes through different position 
angles of the Polaroid were multiply exposed on each plate and. 
sixteen plates were used. Comparison between photoelectric and 
photographic measures for 54 stars gave an r.m.s. deviation of 
0.029 magnitudes. 
The first photographic search for highly polarized EL Lac 
objects was carried out by Craine et al (1978) using a double calcite 
plate. They used the plates of fields 6.5 arc minutes in diameter 
to look for BL Lac objects at relatively inaccurate radio positions. 
In a search of 60 flat spectrum radio source fields, S BL Lac 
objects were discovered with a detection limit of about 12 %. 
Despite the magnitude limit of mB = 19, all the objects found were 
brighter than mB == 17.5. The technique was not applied to blank 
(or randomly selected) fields because of the small field size, so 
all the detections were dependent on the presence of radio emission. 
The advantage of a search carried out on a Schmidt telescope is 
that large numbers of stars (ti 50,000) down to faint limiting 
magnitudes can be measured at one time. The greater inaccuracy caused 
by using separate exposures through Polaroid rather than multiple 
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exposures through a calcite prism can be alleviated by averaging 
more then one set of plates. This work constitutes the first 
radio -independent search Tor BL Lac objects over a large area of sky. 
The properties of the Polaroid filter used in the survey are dis- 
cussed in Chapter Seven, as well as the measurement procedures 
and reduction algorithm. In Chapter Eight, the photometric cali- 
br: -:ion of the plate material is covered, an in Chapter Nine the 
results of the machine measurement of the polarization plates are 
presented. 
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CHAP TE R SE VEN. 
This chapter describes solaria tion filter designed for the 
U.K. Schmidt Telescope, and the instrumental tests carried out at 
the telescope and in the lab. All plates discussed here were 
taken with. '_. E) !.ng linear polarization filter, and the emulsion 
in each case was hypersenE 1tissed IIIa -,J. Secondly, the COSMOS 
measur'ng machine is described and the way in which it measures 
stellar images is an_aly:-.:: d. The majority of the reductions use 
COSMOS data. Finally, the sources of error in photographic polar'. - 
metry are considered, and the reduction procedure is outlined. 
7.1 Linear Polarizinj Filter. 
7.1.1 Description 
The filter consists of two pieces of }1N 32 Polaroid. vacuum- 
laminated between 1 /e" high quality float class (Figure 7.1) . The 
program region is defined by a circular piece of diameter 25,4cm 
which givesa clear field of 560cm2 (19.4 square degrees) . It 
rotates on a friction, bearing between positions 45o apart, located 
by ball bearings pressed into the rim and locating slots, The 
second piece is fixed and defines a control region. The remainder 
of the plate is occluded by the filter holder, and the Schmidt 
calibration spots are not visible. In Figure 7.1, the unvignetted 
region is shown as a dotted line of diameter 30.5cm. The unvig- 
netted region encompasses the entire program area and ti6Ocm2 of the 
control area. Note that the program area is centred 2.5cm from the 
centre of the unvignetted region. 
7.1.2 Laboratory Tests 
Several tests were carried 
det . erne the properties of the 
material is manufactured by the 
TIN 32 is c:ne of several typesof 
1I -sheet consists of a stretched 
out before the filter was used, to 
Polaroid -glass sandwich. Polaroid 
Polaroid Corportion, U.S.A. and 
visible polarizers which they make. 
sheet of polyvinyl alcohol which is 
i _d to e1:id.i i:c:J.1i:C'...,s sCï:i.-'I:í'.t .ï%L s1_f)lif: The ÿ_ to keep its r 
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long molecules align themselves along the direction of stretch. 
Iodine is diffused into the polyvinyl alcohol where it forms a com- 
plex within the long molecular. chains. These iodine complexes 
a`:orb light polarized parallel to the length of the molecules and 
transmit visible light polarized perpendicular to the molecules. 
There are many industrial applications for this elegant form of 
dichroism. The N in the designation refers to 'neutral' and the 
number 32 indicates the approximate transmittance of unpolarized 
visible light. Polaroid has a very wide acceptance angle and can 
be used in convergent bears of light such as a fast Schmidt beam. 
The figure of merit for Polaroid material is characterized by 
the transmission coefficients for light polarized. parallel and 
perpendicular to the axis of alignment, kl and k2 respectively. 
The intensity transmission cce ffi.cient at an arbitrary angle 6 to 
the axis of alignment is, 
T(e) = k1ccs 
2 E+ ks ? n (7.1) 
As stated. in Appendix E, two other important parameters are 
the polarizance R = (k1- 1;2) /(k1 +k2) and the extinction ratio k1 /k2. 
Iii 32 is the best compromise between good transmission and high 
crossed -polaroid extinction. 'hen two identical polarizers aro 
placed in an unpolarized beam with an angle O between their principal 




+k,) ces ̀ © +k1k2sin`8 
which has maximum and minimum values, 
(7.2) 
T 
` (kl k2) , T1.= k1k2 (7.3) 
Figure 7.2 shows data provided by the Polaroid Corporation with 
the transmittance to unpolarized light (k1 +1:2)/2 and the cross- 
polaroid values T11 and Tl plotted against wavelength. The manu - 
facturer's data show that over the wavelength rr..._.e of interest, p 
> = -} 77 . 2 rin o :.ce7 l cnl Fool az -i .zer for +he yob 
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required. Lab tests were needed to chock the uniformity of the 
filter. }N- sheet is cut from 19" wide rolls and there ray be 
transmission variations due to uneven iodine concentrations across 
the sheet. Also, the polaroid film. is very thin (50- 100pm) and 
when it is sandwiched under vacuum between glass plates it is known 
the* cc :s : ugatioris can develop. These corrugations are caused by 
the polaroid film undulating in the glue layer - between the glass 
sheets and can lead to transmission variations also. Finally, the 
process of sandwiching and cutting the glass can cause strees patterns 
and non-planarity-of the filter surface. Image focus across a 
Schmidt plate is critic and it is essential that the filter does 
not act like a weak lens. 
The optical train for the three lab tests is shown in Figure 
7.3. The corrugations in the filter are visible by eye in reflected 
light and were mapped both along and perpendicular to their axis by 
scanning a light beam across the filter. The mapping resolution 
was 0.5mm and the intensity resolution was 0.2¡;. The corrugations 
are perpendicular to the maximum transmission (fast) axis of the 
polaroid. Figure 7.4 presents the transmission_ scans. The top 
scan clearly shows the ripples in the polaroid with a characteristic 
wavelength of 3 -4cm and a perle -to -peal: amplitude of 4,2.5% in trans - 
mission. The scan alore7 the corrrugaticns also shows a systematic 
change in transmission which is presumably due to inhorrogenous iodine 
dyeing of the polaroid polymer. The range of transmission is 4,4% 
with a localized dark patch near the centre of the filter which shows 
up as a dip in transmission at d ti 20mm. Other scans at position 
angles 30°, E0 °, 120 °, 150° and 90° are in Figure 7.4) show that 
the dip is the only major blemish in the filter and apart from it the 
peak: -to -peak transmission variations are 4,3%. The transmission 
variations crucially affect the precision of this method of polari- 
retzy because a set of exposures at different position angles will 
have the variable filter transmission mapped into the true intensity. 
If uncorrected, a polarization 'noise' level of 4,3% due to the filter 
will result, and no detections below 3% or precisions better than 3;, 
will be possible. This test was done with a converging f/3 beam, 
which is quite close to the f ratio .i the Schmidt. 
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The second test was to measure axis wander across the filter., 
A,r-ts wander occurs when the average orientation of the dichroic 
molecules rotates or varies, and it was tested using two identical 
polaroid filters in the beam. The minimum transmission for crossed 
poly oids gave a polarizance (in white light) of 99.993%. With one 
piece of polaroid. set at the minimum transríission position, the other 
piece was moved across the light beam and its angle carefully adjusted 
to get the minimum back again. This readjustment indicated the 
amount the fast axis of the filter was rotating over its width. 
Because it is a null method, this technique is very sensitive to 
tiny rotations of the fast axis. The measurement was made with 
light beat covering ti0.25mrn2 on the surface of the filter; resolution 
greater than this was not possible. The result in Figure 7.5B is 
that the axis wander is <0.05o across the entire filter. Therefore 
the filter is very uniform in its polarizing properties. The ellip- 
ticity due to residual birefringence in the polaroid substrate or 
glass support was not measured, but Bennett and Bennett (1978) found 
a range of 0.01 -0.5o for HN 32. An ellipticity of 0.5o contaminates 
the linear polarization by <1% (i.e. cosa = 1, sine = 0.009 1n. matrix 
(Fl) in Appendix F) . 
Finally, it is important to check theplanarity of the glass- 
polaroid sandwich. The float glass was specified to a thickness of 
±160pm, but the stresses induced by cutting glass can change its 
profile. To sensitively nap the contour of the top surface, a 
laser lever arr. of "24 meters was set up (Figure 7.5C) . The second 
reflection used an optical flat figured to a /8. By moving the filter 
in its own plane the deviations of the laser spot were recorded. 
In this way a very sensitive map of the shape of the top filter sur- 
face is obtr.iaed. The centre of the filter is bowed out by ti2011m 
with respect to the circumference. There is also evidence that the 
rim is slightly raised. This profile has the circular symmetry of 
the filter; scans at other position angles showed the same shape. 
From this test alone it is not possible to test for changes in 
optical thickness, but the glass layer of the sandwich is shown to 
be regular to a high degree. 
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The crossed -polaroid experiment was used to accurately position 
the rota! :.; ng filter in its support at e known position angle. The 
filter wa lined up so that the axis of maximum transmission located 
in the ball-and-slot retaining mechanism, when it vla'S North. -South in 
the filter -- holder. This zero point location was defined.on the 
optical bench to -0.20. On the telescope exposures were taken in 
the celestial reference frame of polarization position angle, i.e. 
North- -South equals zero, and angles increasing measured North through 
East. 
:.1.3 Telescope Tests 
Further tests were carried out at the U.K. Schmidt Telescope Unit 
at Siding Spring, Australia, Several flat fielded plates were taken 
through the filter to map the transmission variations again, t., series 
of different exposures was taken in the light tunnel which is con- 
structed from a diffused light source and a long 0,5r.ß) tunnel which 
has a matt reflecting surface and a cross- section the size of a 
Schmidt plate. A IIIa -J plate was illuminated with a uniform 
diffuse field of light. A second set of plates was taken with a 
flat field on the telescope. A sheet was taped across the top of the 
telescope tube to act as a diffuser and the telescope was left at 
'access /parr' , i.e. a zenith distance of ti90o pointing at the base o 
the dome. Strong lights were shone at the opposite side of the dome 
so that the lightwas reflected several times before entering the 
telescope. These pl _.s can test the combination of the filter and 
the telescope optics. A grid of transmission values was measured 
with a Macneth spot sensitot ter on the developed plate and the range 
of transmissions was the sane as the range found in the lab teste No 
new transmission effects were found on the plates taken on the tele- 
scope through a diffuser. 
To determine the- optimum focus with the Polaroid filter in the 
plateholder, a focus plate was analyzed. A multiple exposure plate 
is taken with each star represented by 15 images side by side, each 
image at a focus position differing from the adjacent image by 5011m. 
As the best focus is passed the 'doughnut' images shrink to a point 
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and expand again. It is possible to interpolate an optimum focus 
to 1 /10 of the difference between adjacent images, i.e. Sum. By 
definition this technique can be used to analyze thickness variations 
in the filter with a resolution of ti5pm. The maximum amplitude 
of thickness variation across the filter is ti55pm, and this can be 
converted by simple geometrical optics into a defocussing across the 
plate (Figure 7.6), 
dx = cot tanti' }n(ß,0 -G +6) (7.4) 
where e = arctan f /2, sin©' /s inü = 1.5, f is the f- ratio of the 
Schmidt, and dt is the thickness change. The maximum defocussing 
from this formula is "3.3um across an image, which is less than a 
tenth of the average image diameter in l -2 arc second seeing. 
Therefore images through- different parts of the filter will be de- 
focussed by a tenth of the seeing- disc. Since the measuring machine 
used for the plate integrates the pixels of an image, a snugging out 
of the intensity distribution should not significantly affec : the 
calculated magnitude. It is noted that the thickness of the Polaroid 
filter is very nearly as uniform as the standard Schott colour filters 
used by the Schmidt. For a summary, see Table 7.1. 
7.1.4 Single vs. Multiple Exposures 
A complete set of polarization plates is obtained by making four 
consecutive exposures, each through a different position angle of the 
filter. Four orientations is the minimum number needed to completely 
sample the polarization information on the plate. The four angles 
used are Oo, 450, 900 and 1350 measured from North -South through East. 
Early on it was decided to take separate exposures at each angle 
rather than multiple exposures on the same plate. The reason was 
that 4 consecutive exposures down to mE ti 21 would give an unreasonable 
number of overlapping images. To demonstrate this assume that all 
stellar images have radius r and that there are N stars above FIB ti 21 
per square millimetre on the plate. The Gaussian probability that 
a given stellar image does not overlap another star is, 
.. 
p* = exp(.-4r.zPt) (7.5) 
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The probability of a multiple overlap of n stars is 
p*n 
= P* (1-p*)n--1 (7.6) 
and the total number of multiple overlaps is given by the series 
Nplog p* 
(-p-k) (1-n*)2 no = Np ? - + + = 
2 (p*-1) 
(7.7) 
In this situation (1 -p*) « 1, so only overlaps of two stars 
are significant (i.e. the first two terms) . If the area of the 







From Allen (1973) , the mean number of stars per square degree 
down to n " 21 at medium. galactic latitude is ti104 . Therefore N 
Pg 
3.5 ar.c a seeing disc of 2 r 0.015. Assuming that 
successive exposures place images randomly with respect to the first 
set (true if the mean distance between images is much greater than 
the displacement for subsequent exposures) , the number of overlaps 







No, of overlaps /limiting magnitude m. ( ) 
21 20 19 18 17 
3070 1230 490 327 310 
4590 1840 740 5 0 470 Total no, of images 
6090 2450 960 770 620 194,000 
For four exposures down to 21st magnitude there are ßu3% of the 
images which are double. However, in practice the situation is much 
worse than this because of the development of latent images, the ex- 
planation of which requires a brief discussion of the theory of the 
photographic process. The absorption of a photon by a silver halide 
crystal (which lies in the emulsion / gelatin matrix) raises an elecir en 
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from the valence to the conduction band of the crystal. Each 
absorption releases an electron -hole pair which is mobile and will 
diffuse through the crystal lattice. If recombination occurs a 
photon is emitted and no permanent chemical action takes pince. 
But photoelectrons are usually trapped in regions of chemical impurity 
or lattice defects, and there they can neutralize an interstitial 
silver ion. A single silver atom forced at one of these sensitivity 
centres is not stable,, but further neutralizations lead to a speck 
of silver of increasing size and stability. For a fine- grain, high- 
speed emul.:d_.on such asIIIa -J between three and six atom of silver 
are sufficient to form a developable image. The holes, which could 
act as a detrimental oxidizing agent on the latent images, are 
generally absorbed in the gelatin matrix. 
Latent image formation is a probabilistic concept because of its 
dependence on microscopic parameters such as the nobility of ions, 
holes and electrons. A latent image is generally defined as a g -ai3I 
which as a result of exposure has a chance of 0.5 or better of being 
developed (Ì ees R-. James, 1966). Not every developable grain. will 
end up being developed. The relevance to multiply exposed plates 
is clear. The first exposure will produce developable images down 
to (say) mß 'e 21, but there will also be a continuum of grains which 
represent fainter objects and have a development probability low 
enough th.et they are not latent images. The second exposure will 
allow photons onto some images which were not developable and make 
them developable; it is entirely possible that undevelopable grains 
created by two exposures will together create a developed image. The 
relevant surface density in equation (7.6) will be larger than the 
nominel magnitude limit of each exposure implies. At a level 
fainter than mB ie 21 stars are outnumbered by galaxies and the nuirber- 
n. 
counts inds:. .':e til0- per square degree down to mu ee 23.5 (K.ron, 1078; 
Tyson & Jarvis, 1070; Karachentsev, 1980). The number of extra 
overleps depends on the form of the probability function for grain 
development, but it will obviously become a substantial fraction of 
the total number of images. Moreover, the approximation (1-p*) << 1 
will not hold and multiple overlaps must be taken ..-count of in 
equation (7.7) . 
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The latent image problem necessitated taking separate exposures, 
ard two advantages of multiple exposures were lost. First, with the 
set of four images in a very small area of the plate, emulsion 
sensitivity variations and plate -to- plante variations are minimized. 
Second., the matching of images is relatively easy because they are 
all in close proximity and in a fixed orientation with respect to 
each other. The use of the COSMOS measuring machine and software 
can bypass the second. problem. 
1.1.5 Operation 
The principle of the filter is that intensities (or magnitudes) 
through four position angles can yield a degree of polarization and 
position angle for each stellar image. Measurements through the 
control region of the filter are used to define differences in ex- 
posure tire, emulsion sensitivity, atmospheric transmission and other 
effects between successive exposures. Use of the filter does not 
distinguish between polarization and variability; a. change in the 
magnitude of an image could be due to either effect. The tine for 
a set. of sky-limited exposures is ^ "5 hours , so an object must vary 
by >0.2 magnitudes on that timescale to register falsely as a polar 
ization candidate. BL Lacs are not only polarized but also highly 
variable, though there is little evidence for significant variability 
on a timescale of hours. An important aspect of the method is 
using more than one set of plates to search for the polarized. objects. 
Several sets of plates can be used both to reduce the photometric 
errors for the bulk of unpolarized objects end to confirm the polari- 
zation and. /or variability of the candidate EL Lac objects. 
When partially linearly polarized light of intensity I is inci- 





) (k l-i:2 ) 
TI = I 
2 
+ p cos 2(p-ô) 
where ü; is the position angle of the filter and p and e are the degree 
of polarization and position angle of the incident radiation. The 
intensity at angle 0 is also written in terms of a control factor Cv 
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which is taken from the control reglen and accommodates changes in 
observing conditions and sensitivity between plates, 
IQ, = C0 T0 I (7.10) 
From measured values of I and C, TAI = /C can be calculated, 
hence the normalized Stokes parameters, 
T -T 13 r 








Q, U and I are the Stokes parameters of the incident light, 
and F, is essentially unity (F. - 1 < 0.006 from instrumental tests). 
There are two levels of complexity in the analysis of the data. 
( :.) Di:N'erential Detection. If no calibration existed at e71, 
it would still be possible to detect high degrees of polarization 
with the rotating filter. The overchelrning majority of stars will 
have no intrinsic linear polarization beyond a couple of percent and 
the differences of the transmitted intensities from the Lean (I -I ) 
will be determined by noise, instrumental and measuring errors and 
other stochastic errors. The differences between T0, T44, T90 and 
T135 
will be determined by the sane errors, which by definition means 
that (T45 -T135) and (TO -T900 averaged over all stars will be zero. 
Most stars therefore define a transformation between values of To, 
and highly polarized objects will stand. away frcm this distribution. 





and T90 because these correspond to the Stoke's parameters Q and 
U. The differential technique is useful for a quick -look for any 
highly polarized objects, since polarizaticn represents a modulation 
of intensity and no zero point is required. 
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(b) Calibrated Detection. Evaluating the polarizaticns and magni- 
tudes of all the objects on the plate requi_:es knowledge of I, the 
total intensity. A photoelectric sequence defines the relationship 
between I and I and p and © can then be calculated from equations 
(7.11) . The standard stars must be unpolarized otherwise they do not 
define a relationship where I. corresponds to p = O. It is inevit- 
0 
able that calibration introduces a host of new problems and un- 
certainties, including zero points, colour cor°. <ctions, etc. In 
this case two techniques were used for the calibration, since obtaining 
a photoelectric sequence was only feasible down to mB 'L 16, The 
sequence vas extended down to É ti 19.3 using sub -beam prism plates 
taken both at the U.K. Schmidt and the Anglo-Australizn telescopes. 




The COSMOS machine at ROE, Edinburgh is a high- speed automatic 
rnicrodensitometer. The scanning system digitises areas up to rv700cm 
2 
with a flying spot scanner mapping the x- direction and the plate 
carriage being drifted in the y- direction. The plate is therefore 
scanned in lanes tilmin wide. The resolution of the machine is adju t- 
able between 8, 16 and 32 micron spot sizes, and the position of the 
spot in a scan is controlled by a velocity control loop. A photo- 
multiplier digitizes the transmitted intensity into 256 values, and 
a second photomultiplier provides a feedback loop to control the i.r- 
tensity of the spot. In practice the banc :width of the feedback loop 
is sufficient to maintain the spot uniformity to better than 1 %, 
which is compatible with the transmission digitisation error. 128 
transmission levels corresponds to a dynamic range in photographic 
density of over two. Autofocus is a feature to correct for the sag 
of up to 250pm in a Schmidt plate held in the COSMOS plate carriage. 
Focus is naintoined to 10pm. The mechanical aspects of the machine 
are controlled by a mini-computer. 
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The power and flexibility of COSMOS result from the use of 
a micreprocessor for on -line image analysis. With Threshold. 
Mapping (TM) data, the sky background level is followed across the 
plate and images a fixed percentage above the sky level in trans- 
mission are stored on magnetic tree. This compressed rapping 
saves a large amount of data storage for an entire Schmidt plate. 
Background following is done u:ing a digital filter and is described 
by Martin and Lutz (1979). The threshold mapped data is passed 
through a software pattern analyser which connects up the separate 
pixels of an image into a coherent whole, and joins up split images 
which fall across a lane boundary. Parameters for up to 300,000 
images can be stored on one magnetic tape, and there is flexibility 
in the choice of parameters that are retained. The design, con- 
struction and use of COSMOS is described by Pratt (1977). See also 
Stobie et al. (1979) and Dodd et al. (1979). 
7.2.2 Image Parameters 
The COSMOS parameters retained for each image are summarized 
below. Two sets of positions are available, with X and Y centroids 
intensity weighted and unweighted. The centroids can in practice 
be determined to ±1 -2prn (or 0.1 areseconds on the Schmidt plate) . 
Second is the pixel: area of the image above the threshold cut, and 
the minimum transmission level of the image which corresponds to the 
pest; intensity. The maximum are minimums! X and Y extents of each 
image. are recorded in units of 0.lpm, along with the value of the shy 
intensity determined locally to the image. Finally, the pixel inte- 
grated intensity of the image is stored as calculated by, 
n 




where n is the number of pixels contained in the image. It is the 
properties of I* that are of !.. st interest in this work. The con - 
version from machine transmission level to intensity requires knowledge 
of the ch... eacteristic curve of the emulsion used. Normally, a 
calibraticn.is established from the uniformly illur.°i.nated step wedges 
at ilee Ì' o h __. . 17. st frinzs'es o:: E.nch pl «te< ;'h r-- -:-step weeTee 
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has. fixed intensity ratios between successive steps and can be 
used to define a slope (y) for the linear portion of the darracter- 
ist.ic curve. Transmission can across the wedges show that the 
profiles are very poor and the projection wedges have recently been 
replaced by calibration projectors based. on the Litt Peak design 
(Schcenin.g, 1:)76) The calibration wedges are occluded on plates 
taken through the Polaroid filter, so a y appropriate to IIIa -J 
emulsion was assumed (usually y = 4). From this value a look -up 
table of conversions between transmission and intensity is calculated. 
It is recognized that the COSMOS intensities do not have aa. 1:1 re- 
lation with real intensities for several reasons. The assumed value 
of y may not he correct. The COSMOS calibration is only valid. for 
the linear part of the characteristic curve, and no account is, taken 
of transmissions on the toe of the curve where the slope is changing. 
Photoelectric calibration is needed for a relationship between I* 
and true intensity. 
For all the plates measured in this study, a 7 %, threshold cut 
was used. Only pixels with intensities 7% higher than the sky back- 
ground were sunr'ed into 1 *. As will be shown in section 7.4 this 
leads to a systematic underestimating of the brightness of an image. 
The effect becomes worse at faint levels because a larger percentage 
of the image volume lies in the wings of the profile which are not 
included in the E(Ii -Isk 
y 
) parameter. COSMOS parameters for a 
typical unsaturated, stellar image are shown in ligure 7.7. A re- 
solution of eum and a step size of 16pm were used for all the measure- 
ments, since a step size of twice the resolution optimizes' the 
signal-to-noise, from information theory (Lynn, 1973). For each 
plate, the largest inscribed square in regions A and E (Figure 7.1) 
was mapped. 
COSMOS software permits images to be reliably matched between 
plates. The image transformation. is accurate to 'Ulpm, so mismatches 
are extremely rare since the image size is ^,2cpm. On ene set of four -
d96.9 4% of the images were common to all four plates and on all sets 
of polarization plates the pairing completenesswas very high. 
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7.3 Photo m21ic Emulsion 
7.3.1 Description 
Kodak IIIa -J emulsion was used exclusively for thie project. 
IIIa -J is a fine grain, high sensitivity emulsion which is optimum 
for long exposures at low light levels. The respons curves are 
contained in Kodak publication P315 "Plates and films for scientific 
photrography ". Prokof'eva (1979) has measured the DQE of a bared 
plate to be `0.07¡,,, and the spectral sensitivity extends from the 
ultraviolet up to 550nm. The slope of the linear part of the 
characteristic curve is y 4 and is not very sensitive to differences 
in development time. The Schmidt Unit have evolved a method of 
hypersensitization which involves both long -term soaking in oxygen - 
free dry nitrogen gas at N.T.P. and a briefer period soaking in 
hydrogen gas. An optimum hypersensitizing procedure is determined 
for each new batch of plates, and the speed gain is normally a 
factor of `,20. For more details, see Sim (1977), Sim et al. (1976) 
and Kaye (1977) . 
Since the uniformity of a set of polarization plates is so iir- 
portant, several precautions were taken to avoid unnecessary vsei.atio e 
between the plates. For an ideal set of exposures, the plates were 
mated throughout the development process. The four plates initially 
come from the same batch and the same Kodak box (but not the first or 
last plates in a box which are sometimes slightly spoiled) . The 
plates are then hypersensitized in the same aluminium box. Ideally, 
the four exposures are taken con erutively on a night of stîble con- 
ditions in terms of moonlight, seeing, humidity, temperature, etc. 
Finally, the plates are mated through every phase of the developing 
procedure: developing, stepping, fi:. eg (twice) , rinsing, hypo - 
clearing, washing and photoflo. While there is no indication as to 
the degree of improvement in plate -to -plate consistency using these 
procedures, they should minimize the variability factors which are 
not accounted for using the control regions. 
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7.3.2 Filter/Emulsion Combination 
IIIa -J emulsion is normally t;5eci in conjunction with the Schott 
LTV cut -off filter G0395; the com^b.nati.on defines the non-standard 
"J" photometric band.. The transformation to the standard Johnson 
system is, 
(B -J) = (0.32w0.03) (B--V) (7.13) 
from. the BE Schmidt Telescope Handbook (1980) . There is only room 
in the Schmidt plateholder for one filter, o the GG395 could not be 
used in conjunction with the Polaroid filter. The spectral band is 
defined by the convolution of the spectral response function of IIIa. -J 
emulsion and the transmission curve of the Polaroid -glass ssndwich 
(Figure 7.8). It can be seen that the EN 32 /glass trar_snissi vity 
cuts off nearly as steeply as the CO 305 filter, so there should not 
be any blue leak. On the other hand, the transnissivit:y is rising 
across the B band, so a red leak is expected. By convolving the 
curves numerically st 100 Á intervals, normalizing, and convolving with 
the Johnson B and V passbands, the colour tern for the Polaroid mag- 
nitude J' was found to be, 
(B -J') = (0.37 10.04) (B -V) (7.14) 
which is similar to the Scheidt J magnitude. It should be noted that 
J and J' have no relation to the Johnson J (1.25pm) band described 
earlier. 
7.4 Sources of Error 
There are many sources of error which must be folded into the 
analysis of photographic photometry, and which fall into three general 
classes. First, there are effects due directly to the manufacture 
and treatment of the emulsion; such as sensitivity variations, non- 
uniform developing, fixing or hypersensitizing, and chemical fog 
variations. Second, there are effects which change the photon flux 
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c :to the plate; such as differences in exposure, vignetting due to 
telescope optics, transmission variations across the filter, and 
sky br_.ghtness variations. Finally, there are errors in the machine 
measurement. Some of these, like digitization noise, are obvious; 
but sore depend subtly on the way COSMOS measures a stellar image 
and Will tend to exaggerate systematically the difference between 
COSMOS intensity and true intensity for an object. 
It is convenient to operate in Baker densities because the 
background densities on the polarization plates are not much above 
the chemical fog level, de Vaucouleurs (1968) exhumed the original 
Baker (1925) formalism as a way of linearizing the toe of the 
characteristic curve. Diffuse density of a developed image is 
normally defined as, 
D = los 
IC) 
(l /T) 
where T is the 
(exposure) , or 
Characteristic 
that a simpler 
(7.15) 
transmittance. The relationship between D and log 
equivalently log (intensity) is given by the familiar 
curve (Figure 7.9a). It has been found empirically 
relation results by using, 
T 
DF = lot* = 1og( jc - 1) (7.16) 
where Tc is the background fog level or clear transmission of the 
plate. Note that transmissions T, T 
c 
measured by COSMOS must have 
other contributions due to stray light, photomultiplier dark current 
and zero -point shift of the A -D converter subtracted off. The 
significant feature of the Baker formalism is that it relates. densities 
to a zero point of Tc and produce. a linear slope at low densities 
(DB < 2.5). 
T 
I = A(T 
c 
- 1)n = AU,-/Y (7.17) 
where A is a constant, and the gradient of the Baker density 
characteristic curve is y' = 1 /n. The Schmidt Unit have measured 
DB for different batches of Ilia -J emulsion ( figure 7.9b) and the 
linearity is riet a g°c. ... rc for other (_ril.rl cn. c ;±ei VS TT0 -0. The 
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slope at D = 0.2 above chemical fog level for instance is y' = 2.0 
compared to y" 
MAX 
= 2. S. 71-1-1 equivalent figures for normal density 
are y' = 1.0 at D = 0.2 above fog and y' 
l'.Añ 
= 4.2. Therefore COSMOS 
calibration in terns of Baker density will not produce a 1:1 relation- 
ship between COSMOS intensity and true intensity. However the .act 
that y for areas of sly and ima e will be similar allows a simplified 
treatmert of many of the sources of error in COSMOS photometry. 
7.4.1 Emulsion Sensitivity and Development Variations 
The effect of development tine on the characteristic curve is 
shown in Kodak publicaticn P-315. The shape of the characteristic 
curve is unchang ,s'. and is shifted vertically en the density axis, 
therefcre for scar. variations in developing the change in image 
density is proportional to y' (i.e. the speed) . Emulsion sensitivity 
variations can be considered as the same sort of small displacement, 
this time alonE the intensity a :is. In other words small changes in 
development time are equivalent to _all changes in density, and 
small Changes in emulsion sensitivity are equivalent to small exposure 
changes. These assumptions hold for Baker densities, where y' _ 
constant for dDB and d(logI)small. For small charges, 
2211 d 
dLB = y'd logI 
(dB.) y'BG fi skv 
- c. 
( dDß ) 
ob ;, y ob j 
(7.12) 
If the Bakker density was linear over its entire range with logI 
then a would equal 1, which from Fir=e 7,9 is a good assumption_. 
Now move to the transmissions used by COSMOS, from equation (7.19), 
'f42)1 
'1 (111 lob(l+k ) 1on s.y/ st: Sky 
log{ 
= a 
`[) /'i GX)1 log(1+i.obj) 
obj cbJ 
n1 (i . : . 
where k and kobj are the fractional changes in transmission for 
sky 
sl"z' s T.d ].m£TS 1}i_ lc res Tfect?_ vEily. If a. ._ 1, k = l; k Jand 
Cf j 
-- 
the in_coning intensity is, 
r T 




for most pixels Tc/T » I ana for small sensitivity changes k « 1, 
therefore approximately, 
T 
Ii = F(1-,k)-nTc -1) = A(1-140 w. Li (7.22) 
The variations in the anpiitude of k will always be small over 
the localised region covered by one image, so the summation over 
pixel 5; will have the same k, and the locally d.eterm.ind sky background 
will also have the same k value, 
jT l 
Isky = A(lt-k) -nIT c lin = A(1 +k) -n sky LL sky 
(7.23) 
Thus the sensitivity factor can be scaled out by dividing the 
image intensity by Isk 
Y 
at each pixel, 
n 
I* = E (Ii-Isk 
) lsk> 
i=1 Y Y 
(7.24) 
This is an important result which can correct for emulsion 
variations in principle. There is an irportart exception, which is 
if there are real variations in sky intensity across the plate (see 
next section). The effect of assuring a = 1 can be calculated. 
In general, Figure 7.9b is not a straight line and a will be a function 
of density. The worst case assumes that Y = 1'' AX =2. ,Y#f3G ob j P 
2.0, therefore a _ 0.71 and from (7.20) , 
(l+l:sky) = (l+kobj)a 
Substituting in (7.22) and (7.23) gives, 
1\I* = E kl-kobj)-n(1-a)-1 
1=1 




For a = 0.71 and n = 0.5 and a 10% senstivity variation 
k - 0.1, the extra factor gives LI_r = 0.011* so the use of 
J 
equation (7.24) is valid even if the true non -linear form of the 
Daher density curve'is used. 
7.4.2 Vignetting, Sky Variations and Filter Transmission Variations 
These effects are independent of the varying properties of the 
IIIa -J emulsion and result from modulation of the incident light 
before it reaches the photographic plate. The vignetted part of. 
the .,:fate is where obstructions in the optical path reduce the photon 
flux; the periphery of the plate sees a smaller telescope aperture.. 
The transnission variations due to the corrugations in the filter also 
reduce the photon flux in certain areas. In both cases the fract':.onal 
loss in the image pixel, Ii, is the sane as the fractional loss in 






and I: =(1+K) Ii , Isjy = (1+K) I 
y y 
n 





applies again. The effects of k and Y can be shown graphically in 
terms of C0SÏM transmission. Taking values of T 
c 
= 500, n = 0.5, 
and various values of T, I 
i 
is plotted against both k and K in 
Figure 7.10 (a & b) . I , goes as til /r and ti1/K respectively. Con - 
7. 
paring equations (7.21) and (7.22) , the approximation is good to 
<1% for 0 < T < 100. 
Some of the contributors to k and K can be estimated. Tests on 
the filter show the effect of corru;aticr_s to be KC < 0.04. The 
vignetting function in the UKSTU Handbook indicates that out to the 
edge of the circular filter K 
v 
< 0.05. Sensitivity variations are 
more difficult to estimate .mince little systematic work has been pub - 
lished'. in this area. Tests by the Schmidt Unit on batches of IIIa -.; 
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suggest that variations across a plate are likely to be ks < 0.01. 
A IIIa --J plate from the same batch as the polarization plates was 
exposed. in a light tunnel at UK `?U in Australia and variations in 
density measured on a MacBeth spot densitometer confirm that k 
s 
< 
0.01. The important qualification on the use of equation (7.24) is 
if the sky variations across the plate are real, or exceed the sensi- 
tivity variations. Then scaling by Isky fo each image is in- 
appropriate and the original intensity I* = E(Ii -Isk 
y 
) should be used 
(equation 7.12) . When a calibration is available equations (7.12) 
and (7.24) can be decided between empirically. 
7.4.2 COSMOS Measurement Fiases 
One of the limitations of COSMOS for faithfully recording the 
density of a photographic plate is the limited dynamic range, which 
compares unfavourably with a PDS machine. COSMOS can only handle a 
density range of tit and transmission levels are digitized into 256 
steps. Obviously, for a given pi. el the digitization noise is more 
significant when Ii is not much larger than. 
Is3.y. 
Propagating errors 
= 1 by definition, in (7.17) with 


































Even more important than the limited dynamic range is the system- 
atic biassing of faint magnitude; by the thresholding procedure. In 
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Figure 7.7 the volume integrated by COSMOS is indicated by the 
shaded area, and the unshaded wings are lost. For a given threshold 
cut, the loss is clearly greater for fr nter and fainter images. 
Empirically, the density profiles of faint stars have a Gaussian 
shape (Aurrr 2: van Al tense, 1978) , and it is assured that the intensity 
profile is Gaussian with half -width ae and maximum height above sky 
Io. at is the width at the threshold intensity 
Ithr. 
Let c be the 
fractional percentage cut above sky intensity and s be the ratio of 
peak object to sky intensity, 
10 s I 
o sky 
I = (1+c) I 
tar s'r>y 




















The imago profile is, 
? I(r) - ?: 
0 
e- r/ "e 




However, note that, 
2 2 
AI = Ice at/ae , at = ïo 
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This is a very simple relationship between the fraction of 
image intensity lost by threshoic'in_g, the threshold cut c and the 
signal /sky ratio s. s can be related directly to the magnitude if 
a calibration is available, and it is clear from (7.43) that as s 
approaches c the COSMOS summed intensity will heavily underestimate 
the true intensity (see Figure 7.11). The question is whether in 
practice the Gaussian intensity indicator is any better than the EI 
parameter. The quantization noise affecting (7.40) can be calculated 









with the result, 
csD(I*) 
2 
_=i2 i l I>=z 
2 






The largest uncertainty in the use of equation (7.40) is the 
assumption that all the image profiles are Gaussian. Recent work 
with IIIa -J plates and COSMOS measurements indicates that there are 
"field effects" or magnitude offsets across some plates of amplitude 
up to 0.3-0.4 magnitudes (Gilmore, Eller r: private communications). 
These field effects can be explained at least in part by image profile 
variations over the plate. While this does not prove that profile 
variations dominate the errors, once it is acknowledged that the 
CauBsiaz approximation nay not be entirely correct then equation (740) 
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becomes a bad brightness indicator. In practice, the EI parameter 
is often a better choice. On a calibrated plate it is possible to 
invert the procedure and detect the image profile variations by the 
deviations of the measured intensities from (7.40) . 
7.4.4 Photon Signal -to -noise 
For faint objects the L'S'E of the photographic plate becomes 
important. The DQE of 0.0007 for IIIa -J is typical but the value 
depends on exposure and can be maximized by judicious choice of ex- 









where S, I) and E are speed,density and exposure, s(D) is a meaSsurc 
of granularity. It is more important to have fine grain and high 
contrast than speed, and IIIa -J is optimal in this regard, Experi- 
mentally it is found that increases with increasing exposure, 
flattens off and falls (Marchant & Milliken, 165) . Meanwhile the 
(S /PT) is increasing as VT, so the optimum (S/ N) OUT 
occurs when the 
product of (S /N) and 1-6TE is a maximum as equation (7,46) indicates. 
Hypersensitization is very helpful for low (S /N)IN because it in- 
creases the speed without lowering the DQE or (S/N) 
IN, 
and minimizes 
the effect of low intensity reciprocity failure. Kodak quote the 
optimum exposure level for IIIa -J to correspond to a diffuse density 
of 0.6 to 1.0 above clear plate, and since most of the polarization 
plates have D ti 0.3 to 0.4 the DQE will not be optimized. Most of 
the exposures are 50 -60 minutes, so even longer exposures would, in 
principal, be advantageous. However the problem of taking four con- 
secutive exposures in constant atmospheric conditions made longer 
i.^pracr,i_ce1 
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The plate limit through Polaroid. in ',50 minutes is rB ti 21. 
-1 -20 -1 
For my = 0, use a flux of 10- photons s cm A which gives an 
input signal -to -noise of, 
(5/1) IPI 
= 5.0 x 10} (7.45) 
a 
and even for a modest LPL of 0,0007, 
(S /N)0UT > 
10 -. So the photon 
statistics only produce 0.1% fluctuations for the images of interest. 
Photon noise is heavily dominated by the other systematic errors dis- 
cussed in this section. 
7.5 Reduction 
7.5,1 Assumptions 
The response of the filter to partially polarized light was given 
by equation (7.9) . From the instrumental tests k1 /k2 > 2 x 104 and 




{1 + p cos (0-0)} (7.49) 
which becomes Malus' Law when p = 1. The transmitted intensity at 
an angle Ç3 takes into account the control factor C¢, 
I0 = C0 T0 I = C0 - 
2 
{ 1 + p co , (9-e4 (á.5r) 
To calculate a degree of polarization, it is assume that neither 
the degree of polarization nor the total intensity of the object 
change during the four consecutive exposures (usually a duration of 
4 -5 hours) . The infrared data in Chapter Three and other observations 
of BL Lac objects discussed in Chapter One indicate that this is true 
to tit -O %. The plates are equally sensitive to rapid variability and 
to high polarization, but only a very limited number of objects 
(eclipsing binaries, novae, flare stars) have flux that varies by 
'1,0.5 magnitudes in several hours. There will be only minor contamin- 
ation T- Lacs variables (which arc liable to be interesting of úr:3* ,. bJ. 
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objects in their own right). A variable and a polarized object 
are also. distinguishable by their light curves. The four position 
angles sample a complete cycle of polarization modulation while the 
light changes between the exposures for a variable would be monotonic. 
Another assumption is that the four angles 2 = 00, 45o, 90o, 135o 
sample a unique polarization curve, with mean (unpolarized) intensity 
Ï. From (7.49), 
Ik 















C90T90 + C1351135)I 0 
(7.51) 
Finally, the analysis is only correct for partially polarized 
light. Any component of intrinsic circular polarization will be 
seen as a B.C. level by the analyzer. BL Lac objects show no evi- 
dence of significant circular polarization in the optical regie 
(for references see Section 2.3.4). As in Section 2.3.2, the instru- 
mental polarization due to telescope optics is ignored. For the 
purposes of this survey, the telescope /filter combination is a 
perfect polariueter. 
7.5.2. Control Factors 
The control factors C are derived from comparisons between stars 
in the control regions on different exposures. C0 compensates only 
for bulk differences between the plates, which can involve exposure 
tine, emulsion sensitivity, atmospheric transmission, zenith distance, 
seeing and processing effects. C0(I) will generally be a function 
of magnitude. Unfortunately, the control regions cannot correct for 
the fact that C0(I) nay vary across a given plate, C0(I)- *C0(I,x,y) . 
Some of these variations across a plate have already been discussed: 
they include field effects, filter corrugations, sensitivity vari- 
ations, vignetting and a range of processing faults. It is the 
variations in x and y (of C0) that will limit the photographic tech- 
nique since Co can not be a factor fer an entire plate. In the 
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control regions (with no variations in x and y) , 
I¢ = A C¢ I 
where A is a constc>r.t. Therefore, 
c c 








For dealing in polarization, it is more convenient to deal with 
intensities than magnitudes. Fron equations (7.11a & b), 
n 
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and using equation (7.53) , 
T 








Since the two terms in (7.54) represent independent Stokes para- 
meters, for conciseness write T = T /T and T. giving _ T T 
0 90 L 45/ 135' . C
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xQ - 1 2 
+ l 
(iLi±2 
T + 1 Ij 
Q U ) 
'TU - 1. - 11 
e = á arctan. T + 1//T + 1 























































For 8, use the fact that d(tan 28) = 2sec28d8 and the relation 
n n 
sec` 0 l F tan48. After manipulation, 
{(TQ 







(TQ + 1)2(TU + 
1)2 (7.64) 
The most important feature of equations (7,54) and (7,55) for 
p and 8 is that they are independent of the incident intensity I, 
The only parameters required are the ratio of aeasured intensities 
between c.rthoí,onsl filter positions, and the I`atio of the two me1sUrod 
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intensities in the control areas. The polarization is a mensure of 
the modulation. of the intensity and does not require a zero point. 
Therefore intensities from any measuring machine such as COSIIOS can 
be used without calibration, as long as COSMOS always measures a 
given image in the sane way (repeatability and consistency) . 
The reality is very different fro.: 11is idealized picture. In 
practice, most of the scatter in a plot of I90 vs. IO or 1 
135 
vs. 
145 will be due to noise and systematic error. s already described. For 
the average star, with very low (1 -3%) intrinsic. polarization, the 
polarization signal -to -noise ratio will be very low. Formulae der - 
ived in this section will not apply, and the noise scatter can only 
be quantified with a photoelectric calibration. Therefore, a cali- 
bration is needed to derive a rigorous detection limit of polarization 
even though an individual measure is independent of I. 
To understand the effect of noise on polarization detectability, 
consider the simple case where TI7 = 1, i.e. all polarized flux lies 













IO. The signal-to-noise p /cn(p) as a function of p and a(T ) is 
plotted in Figure 7.12a. For exanole, a polarization of 10% is 
impone le to detect at a level of 5 tines the noise unless the 
r.m.s. scatter on IoO vs. Iß is less than 5 %. This graph can be 
used as a rough guide to the detectability of different levels of 
polarization in the presence of all other kinds of random noise. 
Another factor that affects the detection is the position angle of 





Each orthogonal pairing defines a Stokes' para- 
meter, and. Q and IJ are independent. To consider detectability and 







Rewriting (7.61) in terns of p and e, with a(TQ) = a(TU) , 
(7.66b) 
(p) - 62(T Q 
4 *J)- 
e(p Cos2 23(1-pCcs29) + S in`29(1-pMi.n29)4 (7,67) 
) 




When p is larger, a(p) is a complicated function of e which is 
plotted in Figure 7.12b. For large polarizations, the signal -to -noise 
can be quite sensitive tothe intrinsic position angle. In principle, 
a degree of polarization can be calculated from measures on any three 
out of the four plates. However, one of the Stokes' parameters would 
then only be represented by one measurement and the error on thrt 
ill -determined Stokes' parameter would. dominate the final error in p. 
For this reason, the reductions from three plates are of limited value 
and are not considered here. 
It is much more convenient to deal with intensities than magni- 
tudes when calculating degrees of polarization. However, it is 
conventional in photographic photometry-to work in terms of magni- 
tude. The detection of polarization calls for detecting a certain 
magnitude difference between images on plates taken through ortho- 
gonal positions of the filter. For a polarization p, the magnitude 
difference between 1 
90 
and I0, 1135 and 145 is, 
2 2.5log (i:-) 
+ 
< Am <- 2.. 51og l± P (7.69) 
The lower limit corresponds ta e = 22.50 and equal contributions 
from both Stokes' parareters since the position angle is midway bet- 
ween sampling Engles, The top limit occur for a position angle at 
one of the sampling angles and all the modulation in one Stokes' 
parameter. The 00 -900 and 450 -1550 magnitude differences can be 
tabulated, 
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P(%) An(max) Am(min) 
5 0.11 0.08 
10 0.22 0.15 
1.5 0.33 0.23 
20 0.44 0.31 
25 0.55 0.39 
:tif 0.67 0.43 
35 0.79 0 . 56 
TABLE 71 
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Details of the Polaroid Filter 
Program area = 560cm2 Control area (unvignetted) = 62cm2 
Glass: 
Polaroid: 
Nominal thickness = 0.686cm 
Thickness variations \< 55pn 
Radius of curvature of top surface 8x104cm 
Type = HN32 
Polarizance, R = 0.99993 
Extinction Ratio, p = 28,570 
Transmission variations < 4% 
Transmission variations, X = 3-4cm 
Position angle, absolute = +0.20 
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Linear polarizing filter. 
(A) is a rotatable program area (diameter 25.4cm) of 
HN -32 Polaroid, and (B) is a static piece of HN -32 to 
act as the control area. The rest of the plate is 
occluded by the filter -holder, and the dotted line is 
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Figure 7.2 Spectral transmission of HN -32 with respect to: 
T - unpolarized light, single polarizer 
T - two polarizers, axes parallel 
T - two polarizers, axes crossed 
Vertical scale is magnified 1000 times for T 
(data from Polaroid Corporation Ltd.). 
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Figure 7.3 
4- 12m --3 
Optical train for laboratory filter 
tests. 
a) Transmission test. 
b) Crossed Polaroid extinction and 
ical axis test. 
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i'[----- 2d x 
A) Map of thickness variations across circular filter 
(resolution = 5pm). 
B) Change in image size due to thickness variation dt 
in filter (scale exaggerated). 
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COSMOS parameters for an unsaturated stellar image. 
Ii is the intensity at a given pixel (i). Isky,Ithr 
and (Isky +Io) are the sky, threshold and peak intensities 
respectively. The integrated intensity I *= (Ii -Isky) is 
i =1 
given by the shaded area, at is the radius of the thresholded 
image and ae is the radius where Ii-I sky = Io /e (schematic 
diagram only). 
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Passband of filter /emulsion combination. 
The normalized sensitivity of III. -J emulsion is shown, 
in units of reciprocal exposure (l /ergs cm -2), along 
with the HN -32 transmission to unpolarized light (data 
from hodak Company and Polaroid Corporation). The spectral 
transmission of the Johnson B and V filters is also plotted 
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Characteristic curves of IIIa -J emulsion for normal, 
diffuse density and Baker density. Typical sky background 
level for the Schmidt polarization plates is indicated 
(data from Kodak Company and UKSTU). 
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Figure 7.10 Graph of pixel intensity against COSMOS transmission. 
a) Variations in emulsion sensitivity by a fractional 
amount k ; Ii is changed by -1 / k %. 
b) Variations in transmission by a fractional amount K ; 
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Figure 7.11 Fraction of the image lost by COSMOS thresholding 
(Iw 
* 
/Iw) plotted, against ratio of signal-to-sky level. 
Lines of different threshold cut c are shown, where 
thr (l+c)Isky. Dashed line corresponds 
to c=7%, the I= 
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Figure 7.12 a) Polarization signal-to-noise against degree of polarization. 
Plotted for different values of G(TQ,U), the rms noise due 
to calibration errors. 
b) Polarization signal-to-noise against polarization position 
angle. Plotted for different polarizations, p. 0(p)/p is 
also proportional to U(TQ,u). 
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In this chapter the calibration of the Schmidt plate material is 
described. A photoelectric sequence was sot up in a one degree 
squat, area at the centre of one of the program areas. Sub- -bean prism 
plates were taken both at the UK Schmidt Unit and at. the Anglo- 
Australian Telescope to extend the photoelectric calibration down to 
the plate limit of the Schmidt plates, A pol.arinetric calibration is 
covered in Appendix G, and alternative methods to COSMOS for selecting 
highly polarized objects are considered and appraised, 
8,1 Plate Material 
8.1,1 Description 
A full set of plates for detecting polarization consists of four 
consecutive exposures at angles 0 °, 45 °, SO° and 135° of the polaroid 
filter. To be able to set meaningful limits on the space density of 
EL Lac objects it is important to probe as faint as possible with the 
plate material. Therefore exposures of 50 -60 minutes per position 
angle were needed to get down to r;-.P ti 20. Since only one filter can 
be accommodated by the Schmidt filter holder, using the Polaroid 
filter precluded mounting the GG395 Schott filter which normally 
accompanies a IIIa -J exposure. 'Therefore an extra component of 
ultraviolet radiation was present on the plates , and was important 
enough to restrict the target fields for the study. It was found 
that if an observation was made more than 2- hours from the zenith. 
the images wove trailed due to atmospheric dispersion, Atmospheric 
dispersion is a diffractive process which increases towards the blue; 
the presence of an extra. Utz component will naturally lead to elongated 
images on plates taken at large zenith distances. It was noted that 
the sense and degree of elongation on the trailed plates was consi :tent 
with atmospheric dispersion, Unfortunately this ruled out Northern 
fields where there right have been a calibration polarized object. 
The field chosen for the polarization platen was at: 12h 531, -20° 
03' which is a region of medium galactic latitude, low obscuration 
and generally low interstellar polarization (Mathewson & Ford, 1974). 
The field is observable from the North, but is far enough South that 
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a set of 60 minute exposures cs.',i be taken wthou.t trailed. images. 
The major disadvantage is that there is no hno:,a BL Lac object in 
the fier..', which is not surprising since <15% of the BL Lacs in the 
literature are in the South. 
8.7.,2 Polarization Plates 
In March, 1979 a set of four 60 minute exposures was taken with 
the last (e = 135 °) plate unfortunately being heavily trailed, 
Otherwise the observing conditions during these consecutive exposures 
were very stable. Also in March, a set of four 10 minute exposures 
of the calibration BL Lac object OJ2E'7 were taken (see Appendix 0) . 
It was not possible to get another set of plates on 12hz. program field 
that season, In August, 1979 plates were taken of the second 
h za o priority field at 21h Find -39; 5L' ` , A complete set was obtained 
but they were split between two nights and the transparency and 
seeing were not stable during any cf the sequence, In March, 1980 
two further. complete sets of the 12h field were taken: one of 50 
minutes per exposure and the other of 30 minutes per exposure, This 
is the material used in this study; details of the individual plates 
are given in. Tab re S. 's, Seven of these plates were measured on 
COSP._OS and will be discussed extensively. 
8.2 Phctoelectrie. Seauen.^_ : 
8.2.1 Eáuipment 
The photoelectric observations were obtained. during 6 - 12 May, 
19E0 at the South African Astronomical Observatory, Sutherland. 
Photometry in the Johnson E and V bands was carried_ out on the lw 
telescope at Sutherland using the St Andrews Photomete r. The photo - 
multiplier was a water -- cooled RCA C31034A tube, and a 14" aperture 
was used throughout. Standard colour equations and extinction cor - 
rections were applied to the data. Standard stars from the Cousins 
"E" regions were observed (Menzies et al., 19E0). A detailed des - 
cription of the equipment used can be found in the SAAO Facilities 
Manual (l'9) . 
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8,2,2 Observations 
34 stars in a one decree square were observed in the two colour 
B and V. The centre of this 1° field corresponds to the centre of 
the region defined by the circular filter on the 12h plates, The 
nine brightest stars in the sequence are listed in the SAO catalogue 
and the 34 stars cover a range of 7,7 < B < 15,9 and a range of 0,4 < 
B -V < 1.7. 22 of the stars were observed on two separate nights, 
and the faintest star was observed on three separate nights. Cousins' 
standard stars E502, E527, E550, E604, E633, E688, E745 and E782 were 
used to calibrate the zero point. The residuals during a night we 
always <0,01 magnitudes and the consistency of a repeated neasurerrE::.'. 
was always <0.02 magnitudes, Two wavebands were considered sufficint 
to determine the colour term for the Schmidt plate material. 
1 
The photoelectric measurements are listed in Table 8,2 and a 
finding chart for the sequence stars is shown in Figure 8,1, Unless 
otherwise stated, the error on an individual measurement is ±O,0lm a'.. 
All of the stars are within a 1° square box, and most of the 15 
faintest stars are in a 24' square area in the centre of the 1° box,; 
The SAAO reduction system corrects for atmospheric extinction, colour 
terms and photomultiplier dead titre, 
8,2,3 COSMOS Calibration 
The photoelectric calibraticn for each plate was different, which 
is expected from the different conditions the plates were taken in, 
and the plate -to- plate emulsion variations. For the purposes of 
deriving a colour correction and understanding the form of the cali- 
bration curve, it is convenient to take the 'best' set of plates. 
In terms of uniformity of observing conditions and uniformity of 
imago parameters, the best - matched set is the sequence X4902- 3 -4 -5. 
The last (135 °) was trailed, but the pair (0° - 90 °) defining the 
Stokes parameter Q are of very high quality, The colour correction 
is found by plotting (B -J') against (B -V) where J' is the filter mag- 
nitude. Using the mean intensity (I0 +I90 )/2 for J' gave, 
(L-J') = (0.n;±.0403)(B-V) (8o7) 
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The re1a tions ip for all 24 stars in the sequence has a linear 
reÍ:? :.,si on co_C':elv.';i on coefficient of 0.C38, and is plotted in Figure 
8.2. Note that in all the graphs in this section, the photoelectric 
error bars on each point are too small to be plotted. The errors 
are always dominated by that of the machine measurement. Relation 
(8.l) is in excellent agreement with the colour correction calculated 
numerically in Chapter Seven. The calibration curve can be plotted 
for each plate separately and for the average of the pair. Vhen 
dealing with calibre :: -ions it is the convention to deal in magnitudes, 
rather than intensities which are more convenient for calculating 
polarizations. To make the treatment of magnitude and intensity 
analogous, assume 
( m a-r. ) ( ra i-m 




in direct analogy to I = ç E 
T0I. The mean of the magnitudes at 
four angles is to be contrasted with the magnitude corresponding to 
04 
the mean intensity, n¢. Since the magnitude scale is logarithmic, 
in general r mo. Therefore the correction factor is given. by, 
C = 
4 E ( m0 --M) 
0 
The right hand side can be rewritten using equation (7.9) , 
C = 4{_2o5log(l1Psin2o)(iPsin2e)(l+pcos2o)(l_pcos2e)} 
n 




at maximum, which is when e = 0 °, 45 °, 9o9, 135 °. Prom.(3.5) it. 
is seen that C < 0.01 magnitudes for polarizations up to 50%, there- 
fore the assumption (8.2) is justified and magnitudes can be mani- 
pulated in a similar way to intensities. Returning to the calibration 





) /2 which have just been shown to he equivalent to I0, Igo 
and (IO +I,O)¡2. 
TT- thn T' r- 11-0,32(P-1, 7) and : - 7_" (T'1.ri?rE_' 8.2): r 
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y = mx + c y= a +bx+e1,2, + dx3 
r,nl,s, 




1..91 -9,00 . 0,117. 
2,00 -9,52 0,075 
1,97 -9,40 0,0;33 
r,m.s, 
a b c d (mag.) 
44,8 -13,7 1,50 -0,05 0,057 
39,0 -1Z41 1,35 -0,04 0,042 
33,9 -]0.7 1.,23 -0,04 0,035 
The COSMOS magnitude is calculated according to the formula, 
m0 _ -250 logE(Ii-I 
s > ky 
) + 25 (8,6) 
where the added tern simply scales COSMOS magnitudes into the sane 
range as the photoelectric magnitudes. There are several points to 
be made about the calibration: 
(i) The calibration curves do not depart substantially from a straight 
line over the magnitude range 7,5 < B < 16, and a cubic polynomial fit 
is the hir.iest order needed to match the data: the residuals do not 
reduce for orders higher than 3. The r,n, s, errors are low over the 
whole 8,5 magnitude range, with all the sequence stars included. The 
slope between COSMOS and photoelectric magnitudes is u2, so there is 
no 1:1 relationship between COSMOS EI and true intensity, y of 4,0 
was assumed for the machine measurement. 
(ii) It is significant that the scatter on E(Ii -Isk 
y `m y 
) /Is is no 
smaller than the scatter on E(Ii- Isky), From the discussion in 
Section 7,4 there are alternative explanations for this. The variations 
which scaling by I 
Skyr 
corrects for may be very smalls vignetting, 
filter transmission variations and non -uniformity in emulsion sensitiv- 
ity and development. Alternatively, these variations may be dominated 
by real variations in sky background which scaling each pixel by I 
s _may 
will not improve. In either case the r,m,s, error in the calibration 
is an upper limit to the sum of all these effects. The co:tribution 
due to filter transmission variations has been measured, and contri- 
butee '\.0003 rra g (= 4% peal: to--pe 1:) to the r.0r,s, error in the table 
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above. Therefore the corbinec influence of all the other possible 
effects must be only a few hunj edths. This statement naturally 
only holds over the 10 square covered by the sequence. 
The other reason scaling by I gives no improvement is digit- 
sky 
ization noise. The mean sky level on the plates is I 
sky 
= 332 and 
the variation about that is only ±4 units which corre2,ponds to a. 
change of only t2 transmission levels. Therefore rer i changes in 
sky brightness at that level are contaminated by digitization noise. 
For this set of plates, the E(I. -I ) parameter is the most suitable. 
i sky 
(iii) The effect of COSMOS thresholding can be estimated. The 
peak intensity of the faintest of the sequence stars is ti1E00 (see 
Section 74,3). Therefore signal -to -sky s 5.4 and c _ 0,07 and 
the fraction of the image lost in the wings of the Gaussian is s/c 
1%, Thresb.oldi.ng only becomes significant for images much nearer 
the plate limit. 
(iv) There is an assumption which underpins the whole calibr L_.. i.on 
procedure, which is that the photoelectric sequence stars are ej ther 
unpolarized or are polarized but with randomly o:iRentated position 
angles. In either case the mean relationship formed. by all the stars 
will define zero polarization. If the field stars have signifieent 
interstellar polarization with a preferred position angle, polari- 
zations could only be detected with respect to that mean interstellar 
value. In other words, the differential technique for detecting EL 
Lac objects would have an unknown polarization offset. The only re- 
liable way to test the assumption is with photoelectric polari_netry 
of some of the standard stars. Although that was not possible 
during this project, there are several reasons for believing the in- 
trinsic polarizations of the field stars to be low (< 1 -2%) . In 
the compilation of data by Mathewson and Ford (1974) the stars in 
the vicinity do not show a local high level of interstellar polari- 
zation. Unfortunately, there are no r-easurer;ents in the Schmidt 
field itself. The second argunent is from the reduction in the r.n.s. 
0 
calibratice error which results when the mean magnitude of the 0 anti 
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90° plate,: is used. If the scatter on each of the two plates 
separately is due to noise, then the error on the mean magnitude 
would be: c2 = 
(01 
t a` )/2 a = {x0.057)2 + (0.043)2 } /2 
0,90 0 9C' ' 0,90 ` 
= 0.035. The measured error on the mean calibration is identical 
to this However the mean magnitude also removes polarization 
modulation to first order, so the ::'act that the r.m.s. error is not 
less than 0.035 means that the scatter is dominated by noise rather 
th::a polarization. The limit on the rondos :1y directed. polarization 
is therefore <1 %. In principle this limit does not preclude a high, 
totally aligned component of polarization. In practice, however, 
the random component of interstellar polarizaton is not much less 
than the vnlferm component (i.e. the position angles are not highly 
aligned). So the limit of <1% infers a similarly strict limit on 
the total intrinsic polarization. Down at the level of a few per- 
cent, noise will dominate intrinsic polarization. 
Plotting the two COSMOS magnitudes mo vs. moo gives an. indication 
of the way the differential detection technique will work (Figure 8.4). 
A straight line fit by linear regression results in y _ 1403 x -0.12 
in units of COSMOS magnitude. These are magnitudes uncorrected for 
observing conditions and the slope inplies that the difference in 
control factors between the two plates will not be more than ti3 
(i.e. C /CO = 1.03). A quadratic fit gives y = 3.22 + 0.4x 
0.029x` with an r.rq.s. of 0.023 COSMOS magnitudes, which from the 
calibration curve corresponds to tiO.04 photoelectric magnitudes. 
Therefore the null (zero polarization) relationship can be defined 
accurately over the whole range of calibration. Unfortunately, the 
one certainty is that the r.n..s. deviation of all the stars in 1° 
square will be more than 4 hundredths cf a magnitude, and that the 3u 
detection limit will be more than C.12mag. and its equivalent polari- 
zation. of '\'6%. T!.., photographic process leads to errors whil» are 
not normally distributed end which may have- a high -c tail. Mien 
detecting discrepant objects from ti3C,O03 images there are two 
separate problems. One is the scatter of the bulk of the images from 
the mean line which defines a polarization detection limit. The 
other is the problem of sifting polarized objects from the high-a 
tail in the presence of noise, plate flaws, mismatches and other 
spurious effects. 
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8, 3 Sub -bean Prise Plates 
8.3.1 Description 
The Schmidt plate material extends considerably deeper than the 
photoelectric sequence, and some or or. extra calibration down to 
the plate limit is needed It was not possible to obtain photo- 
electric observations down to B 20, so plates taken with a sub - 
beam prism were used The original idea of a sub -bears prism to 
calibrate photographic photometry was suggested by Pickering (1891) . 
A small low -dispersion prism is placed jw the primary beam of the 
telescope, producing images that are a fixed factor of intensity 
fainter than the primacy images. The factor is the prism c+ . : tant 
Am (in magnitudes) , and a bright photoelectric sequence can be ex.- 
tended down by An using the prism. The idea of the prisms was ex- 
humed by Racine (1969) , but he used a figured sub -beam prism in the 
converging beam just above the focal plane and not the type of prism 
discussed here. A "Pickering" prism (in future referred to simply 
as a sub-beam prism) has been successfully used at the Cerro Tololo 
Inter -American Observatory by Cor_te ua and plower(1971) and Carney 
(1979), and at the Anglo-Australian Observatory by Couch and Newell 
(1980), 
Plates were taken using the sub -beam prisms at both the U.K. 
Schmidt Telescope and the Fngio- Australian Telescope, The AAT 
prism is circular with a clear aperture of 145mm and a nominal apex 
angle of 45 areseconds, It is used at prime focus (f/3.3) where 
the plate scale is 16.O arc second. mm -1. Couch and Newell (1980) 
have derived a prism: constant of 7,10 ± 0.09 for Ilya -J emulsion at 
an effective wavelength of 4335 R, There is no evidence for wave - 
length dependence of the prism constant, The UKSTU srb- beam prism 
has a diameter of 250mm and is fitted just in front of the corrector. 
The apex angle is 'L50 arc seconds and the Schmidt plate scale is 
67,12 arc seconds mn -1e The ihï:.,"U Handbook quotes a prism constant 
of 3.3 magnitudes. 
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8.3.2 Properties of the Sub-beam Prisas 
The technique o:2 extending a plate calibration with sub -bear, 
pri_em data is an extrapolation. A calibration curve is formed bet - 
ween photoelect:-ic measures and. "x.achi;.:e" measures for the primary 
images, and an effective prism constant Ameff is calculated from the 
magnitude interval of overlapping primary and secondary images. 
Finally, Amoff is used to calculate calibrated magnitudes down to 
the faintest secondary images on the plate. It is only in the 
overlap region of faint peirPazy and bright secondary images that 
Ame, can be verified; at the faint end the constancy of 
Areff 
rust be assumed. Crouch and Newell (1980) have pointed out that 
the value of the effective prism. constant will depend intimately on 
the measuring machine and data reduction system used for the plates. 
Therefore different observers may disagree on the precise value of 
Araefl. 
There is a theoretical prism constant, An based on the light 
throughput Band diffracting properties of the prism. Many factors 
are involved in the calculation of Amth, including the losses due to 
scattering and absorption in the prisa, vignetting of the primary 
mirror and diffraction and dispersion of the secondary images. The 
prism constant is given approximately by, 
2 
Amth = -2.5 log (vD2) 
td 
(8.7) 
where v is the fraction of the primary' mirror which remains after 
vignetting has been accounted. for, t is the percentage transmission 
of the prism, and d and D are the prism and primary mirror diameters. 
For fused silica at 40008, t =92%, and using v = 0.90 for the AAT 
and v = 0.85 for the Üyr'£, 
( Amth.) 
UK"T 
= 3.39, (Am. 
h A - 
7.10 (c n L'. UJ 
These expectation values are in good agreement with the empirical 
value:, already quoted. The design of a sub -beam prism involve; a 
trade-off between image separation and dispersion. The opening 
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angle of the prism must be sufficient to well separate the primary 
and seconder: images, but must not be so wide that the dispersion 
spreads the :..candeey images out into small spectra. The separation 
of the images can be accurately measured from COS ?i0S positions and 
is given by S = A/n where A is the prism opening angle and n the re- 
fractive index. The dispersion is given by, 
= (n1 -n2)ä _ (n,-n2)nS (P.9) 
where n1 and n2 are the refractive indicee at either end of the 
spectral passbend of the plates, correspo :ding to 
X1 
_ 3500 and 





= 0,65' (8.10) 
Since these figures are a sizeable fraction of the seeing disc, 
the image structure of the secondary images may show the effect of 
this dispersion. The best results occur when the seeing is poor 
and the spectral dispersion is small compared to the image diameter. 
The worst effects will be for red objects where most of the energy is 
in the part of the spectrum where the dispersion is highest. 
Another reason for preferring poor seeing is that the diffraction 
lirait of the prism is, 
" Q 
Üiï. i 
= 0.37 AAT ß.64 4r, , 
a limit which will be significant if the atmospheric seeing is excel- 
lent. Finally, poor seeing is preferred to minimize the effect on 
the image structure of the changed focus for the secondary images 
(which have a path length through the prism) . Whether these potential 
pitfalls lead to systematic differences between primary and secondary 
images depends on the measuring machine, and whether the reduction 
system assumes that all images have the same properties. 7'uch of 
the previous work with sub -beam prism plates has been done using Iris 
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Photometers. An Iris Photometer measures the integrated light 
through a circular aperture, and for certain wedge settings- and 
faint images where the iris diameten is larger than the image 
diame i:: =:r, the results should be relatively insensitive to chenges in 
image structure, However, it was shown in Section 7.4 3 that COSMOS 
measures have a systematic bias due to the thresholding procedure. 
IS the energy in the secondary images is dispersed then '.; COSMOS 
bias will be worse for those than for the primary images. For this 
reason the plates were measured on two different measuring machines: 
COSMOS at Edinburgh, and the PDS machine at the Royal Greenwich 
Observatory. 
The COSMOS machine, as previously described., pixel- integrates 
the image volume above a sky threshold cut, and subtr_.: is the focal 
sky intensity from each image pixel. The PDS nachi.r .... d its 
associated software fit a 2- dimensional Gaussian profile to each 
image, and integrate under the curve for a machine magnitude. The 
sky background is averaged from groups of four pixels at each corner 
of the image. Details of the machine and the reduction software 
are given in the RGO PDS User's Manual (Penny, 1978) In sub -beam 
prism work images with G. very larsee range in intensity are being 
directly compared, and the limited dynamic range of the measuring 
machine is a problem. COSMOS digitizes into only 256 transmission 
levels corresponding to a density range of less than two, The PEG 
has four times greater resolgtion in transmission. In both cases 
images saturate from 3.5 to 4.5 magnitudes above the plate limit and 
the sub-beam prism calibration covers more than this range.. There- 
fore the calibration curves for the primary and secondary sequences 
will naturally have non- linear sections, but the important part is 
the region of overlap. It is important that primary and secondary 
image: of identical machine magnitude have a constant difference in 
photoelectric magnitude, i.e. that Ameff is constant with intensity. 
8.3.3 UKSTU Plates 
Three plates were ta:ren with the UKSTU prism in April, 1980. 
The exposures were consecutive in seeing of 2 -3 arcseconds, and of 
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duration 20 minutes each, retails of the exposures are given in 
Table i3, ? The plates wore measured on CCS'",0S with Sem resolution 
and a 7 % threshold cut (like all to other plates mentioned in this 
work). The fil eer /er ulsìon co mbition was GG285 /IIa-0 which approx- 
imates. the Johnson B passbaac, e plot of residual (m 
e 
-B) against 
(ß -V) confirmed that no coic".cr correction was necessary. 
(a) CO '.OS : The calibration curves for the primary images showed 
that there were differences between the three plates. The next stage 
was to average measures from the three plates, in the hope of reducing 
the errors. An alternative school of thought is to discard all but 
the best plate; i.e, retain only the one which gives the smallest 
r,m.s, scatter. However if there is no independent reason for sus- 
pecting one of the plates to be inferior, it is unwise to choose in 
this way because the reliability of the measure will be reduced even 
if the precision is increased. Any measurement from only one 
photographic plate is urneoliable. Unfortunately, the random errors 
in photographic photometry may be non- normally distributed and the net 
error may not reduce as N where N is the number of plates coadded. 
Only the 23 faintest members of the photoelectric sequence could. be 
used because the brighter stars merged with their own secondaries 
and were treated as single images by CQSt.0S. Sequence star No, 23 
was suspected of being a variable and was discarded from the analysis. 
On the sub -beam prism plates the star deviates by '1,0.3 magnitudes from 
the mean curve, and it is also displaced on both the AAT sub -beam 
prism plates and the polarisation plates X4902 -X4904. This left 
22 stars covering a range of 11.5 < B < 16. 
In Figure 8.5 the mean COSMOS magnitudes for the three UK$TU sub - 
beam prism plates are plotted against photoelectric B magnitude. The 
r.m,s. deviation for the primary sequence is 0,073 nag., and the r,m.s, 
deviations for the individual plates are X5895 -0.090 rag., X4896 - 
0.034 mag., X4897 - 0.062 rem. By visual inspection, the magnitude 
offset in the overlap region Ami 
eff 
appears to be a function of magni- 
tude, growing larger at fainter magnitudes. This confirmed by 
fitting a straight line to the portions of overlap cf both the primary 
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and secondary images end e ' -ulating the difference in photoelectric 
magnitude B, 
Primary : B- 1.785m 
r 
- 7.85, r.m.s. = 0.059 mag. 
Secondary . B-- 1.547r.?c - 7,75, r.m.s. = 0.067 nag. 
At II = 14.5 Am 
ef-? 
= 2.97 
At E. = 16,0 Am 
e ff 
- 4.22 
. , $.1,. 
In the overlap region, covering only 1.5 magnitudes, there is a 
substantial magnitude -- dependent offset and the prism constant is not 
constant. It is therefore unwise to use the COSMOS sub -beam L ̂.eas ires 
to extend the photoelectric sequence. The reason for the magnitude- 
dependent offset presumably lies in the machine measurement. Sine 
the problem occurs for images with the same COSMOS magnitude well 
above the plate lirait, the thresholdiz=g- procedure is not directly res- 
ponsible. The likely explanation is a change An image structure 
between the primary end secondary images, possibly clue to the dis- 
persion of the seccndarie_s. The ratio of the x and y extents of 
the two sets shows signs of this, with the ellipticity for the 
primaries being 1.13 ±0,06 end the secondaries 1,19±0.07. If the 
secondary was extended by the dispersion of the prism, then a sub- - 
stantial fraction of the image would slip under the threshold cut. 
The CCiir'.0S measures are obviously unsatisfactory for this purpose. 
(b) PBS: The same three Schridt plates were measured on the PBS 
machine at the Royal Greenwich Observatory. The PBS is a raster 
scanning rsicrodensitometer which converts transmission into diffuse 
density, and the total density in the image is a machine magnitude 
estimator. For these measurements a 30 x 30 pixel array was 
scanned around each image using er aperture of 11um. and a pixel size 
of 1CUr:,. An optimum scanning speed was set so that the photo- 
multiplier could accurately respond to rapid changes in density across 
an image. A. 2-dimensional Ga;s sí ar is fitted to the it ä,e profile 
and the machine magnitude is, 
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Ir = - -2.5 log . (h r i ) (8.13) PDS io x y 
where h is the height of the Gaussian above sky background, and. 
rx and r are the e-- folding radii in orthogonal. directions. The 
y 
background is determined by looking at 4 x 4 pixel averages in the 
four corners of the raster box and averaging then for a moan back- 
ground level. There should be no other faint stars in the raster, 
or bright stars with centres near the raster. For optimum use of 
the PDS, the aperture;; should be small with respect to density 
changes which in practice reans that it should be less than 1/5 of the 
e -folding radius of a typical star. 
In Figure 8.6, the mean PDS magnitudes are plotted against 
photoelectric B measures for the primary and secondary images of 
the sequence stars. A comparison with Figure 8.5 shows that the 
region of overlap is considerably greater for the PDS .. asurenents 
than for the COSMOS measurements. Maximizing the overlap region 
is a general problem with the sub -beam prism method. At the bright 
end the secondaries becor..e contaminated by the wings .of the very 
bright primaries, and at the faint end the secondaries are close to 
the plate limit. Furthermore, in the intermediate region there is 
a transition from saturated. to unsaturated images, and the calibration 
curve will nornlly bend at this point. The PDS) has a larger dynamic 
range in density than COSMOS (Ad = 4, compared to Ad = 2 for COSMOS), 
and the calibration is linear over a larger range in intensity. 
As before straight lines are fitted to the primary and secondary 
images in the overlap region. The four faintest points in the 
primary sequence are not included because they unfortunatley cor- 
respond to a gap in the secondary sequence. Calculating the prism 
constant, 
Primary D = 2.078 - 22.27, r.m.s. = 0.044 mag. 
t'114 
Secondary P = 2.099m - 25.90; r.m.s. = 0.065 mag. 
At ß = 12.4 Am 
: 
- ...''.5 ef 
At 3t - 15.0 Am = 3.2 
eil 
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improvement over the COSMOS measures is obvious. The 
r.M.2. derfations of the fits to the two sets of images are smaller 
and the prism constant differs by only 3 hundredths of a magnitude 
over 2.5 magnitudesof photoelectric overlap. In other words, the 
two calibration curves are parallel within the errors. There are 
no obvious differences in irage profile between primary and secodary 
image of the sere machine magnitude. The profiles of inages at 
the boundaries of the overlap region are illustrated in Figure 6.7, 
the labels A, B, C and. D being indicated on Figure 8.($ (the software 
to generate these diagrams was written by A.J. Penny at EGO). 
The primary-secondary pairs A-B and C-D are similar, verifying that 
the magnitude step will be constant over this range. Note that in 
the region ABCD the PDS machine measurements do not substantially 
saturate because of the large dynamic range Ad 'A., 4. By contrast, 
the COSMOS measurements are becoming unsaturated towards the faint 
end of the overlap regicn and the calibration is expected to bend. 
In addition the COSMOS magnitude parareter does not account for 
saturation because the central pixels of a bright image are gi-Jea 
the saturation (minimum) transmission value and their information 
content is lost, whereas the PDS fits a Gaussian to the uns.aturatod 
wings of the image and calculates a volume underneath the Gausn. 
(see Figure 8.6). 
However, it ray not be valid. to assume that since the prism 
constant does not vary in the overlap region that it can be extr- 
polated down to the limit of the secondaries. The reason is that 
the secondary calibration curve clearly bends just at the end of 
the overlap region when the primaries run out. Rather than an 
effect of the measuring machine this is caused by the images be- 
coming unsaturated on the plate (for a 20 ninute exposure on un- 
filtered Ills J, the images become unsaturated approximately 5 
magnitudes from the plate limit, i.e. at J 16). This prob].er 
is essentially unavoidable, because a very extensive photoelectric 
sequence is noeded to give an overlap that covers both saturated 
and unsaturated ranges on the plate, Since the PDS measures mag- 
nitudes in a way which is reasonably insensitive to the degree of 
sauaLic, -11 will thaL 
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extended down to the liait of the secondaries. The extended 
cali1:na.tion is shown in Figure 8.9. A reliable error for the 
extra:: :.ded calibration is difficult to determine since it is an 
extrapolation. A reasonable error would be 0.1 »nag, which is 
bigger than r.rc..s. err'rs on either of the individual calibrations 
c..- the difference between values of ¿a 
off 
in the overlap region. 
The calibration is carried back to the original plate material by 
measuring field stars of similar r,.agnitude to the faintest second- 
aries of the sequence and defining a calibration curve for those 
field stars which can be applied. This transfer sequence is shown 
in Figure 8.10 for the mean of the polarization plates X4902 and 
X49049 the r,rn.s. error of the extended calibration is 0.08 rag 
and over the entire sequence is 0.052 snag in a eth order polynomial 
fit: 





a = 119.8 d = 0.0844 
(X4904) b = -37.50 e =-0.01: ï:i 
c = 3.340 f = 0.00147 
r.r^,s. = 0.052rnag 
This is the only stage of the whole calibration procedure 
where the residuals are decreased by going beyond a cubic fit, an 
indication that the functions involved. are reasonably well- behaved., 
The final transfer of the extended sequence from the sub -beam prism 
plates to the polarization plates increases the r,m,s. error 
slightly due to a colour term when going from B (sub -beau prism) 
to J' (polarization). Thus instead of using just one field star 
of similar magnitude to the sequence secondary, five were averaged 
in order to take out most of the colour term. A typical error bar 
on each of these points (shown as open circles in Figure 8,10) is 
0.lmag. The least-squares fit to the extension has a smaller 
r,m..s. than this (0.0smag) but 0.1mtg is a good error estimate for 
the extended calibration. The final transfer has only been illus- 
trated for one polarization plate (X4904), but the procedure can be 
,ppl.i_...e to an:/ plato., ç ir...e .°,C.c2I,A i.. `. . -:cu'_^' ..nr,r; ni^.-í;', _ i.J i, ' r 
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the final r.m.s. error at the faint end will normally be greater 
than 0.lmag 
The calibration from UKSTï.- sub -beam prism plates can be 
summarized: 
(i) Identify primary and secondary images of photoelectric 
sequence stars on sub-bear prism plate(s) 
(ii) Fit calibration curves to primary and secondary images 
in overlap region and calculate Am 
.f f e 
over range of 
overlap. 
(iii) Displace secondary image sequence to define extended 
calibrati en on sub -beam prism plates. 
(iv) Take several field stars at the sar_e machine magnitude 
as each displaced secondary image, and identify them on 
the original polarization plates. 
(v) Average the machine magnitudes of the field stars on the 
polarization plates to define the extended calibration 
on the polarization plates. 
8.2.A AAT Plates 
Four plates were taken with the AAT prism in March, 1380, The 
plates were exposed nt the prime focus with the triplet corrector 
and the exposures v'ere consecutive in seeing of 2 -3 arc seconds. 
One exposure was 60 minutes, one was 20 minutes , and two others 
were 5 minutes each. Details of the plates are given. in Table 
3.3. Three of the plates (one of each exposure) were measured 
on COSN0S, and two (a 60 minute and a 5 minute eN-posure) were 
measured on the PDS. The filter/emulsion pussband was GG335 /IIIa- 
J which defines the photographic J band. A plot of residual 
(roc -J') against (B-V) showed no colour correction; therefore the 
AAT sub -beam prism plates are in the same colour system as the 
polarization Schmidt plates. 
The AAT plates have some obvious advantages and disadvantages 
with respect to the UUSTU plates. The Inch larger magnitude step 
of the AAT prism (7.1m.ag) allows a calibration down to B n, 23, and. 
..._ , ;'.í7 _,Y,`,: .. _,'.'_.. (tii'.?l re7.'71;ti_1r. on t}1(' 
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reasuripss machines. 'forking always in one colour system removes 
one the causes of uncertainty in the last section_. However the 
disadvantages are also ?rrportar:_t. Foremost is the fact that the . 
large magnitude step rules out a large range of overlap to check 
the constancy of Lr_ 
eff. 
. he photoelectric- sequence covers only 
8.2 magnitudes, so the overlap is at best only defined by a few 
points. In practice there may he no suitable overlap stars at all. 
because at one end of the overlap zone the bright secondaries are 
swamped by very bright primaries, and at the other end the faint 
primaries have secondaries which fall below the plate limit. The 
region where the photoelectric sequence runs out is P s, 16 which 
corresponds to the secondary image of an SAO star (B ti 9). The 
large plate scale and partial vignetting by struts in the beam 
leave a clear field_ of only 0.5 square degrees, and there are few 
SAO stars in such a small field. Therefore the overlap region 
corresponds to just the point at which bright stars are running out 
and the prism constant 
Aneff 
cannot be checked. Since it has al- 
ready been shown how the measuring machine can affect the results 
ZeJm sub-beam prism data the lack of a verification for An on . 
the AAT plates is a severe problem. 
(a) CC J CS : COSMOS measures of the CO rinute exposure show th-:t 
there is no overlap between faint primary and bright secondary 
ia. s;rs Am 
ef:f 
cannot be determined directly. The slopes of the 
two calibration curves are considerably different, and neither of 
the curves are very smooth. To proceed further would involve 
assuming the canon i_ca:l prism constent Am = 7.10 is correct, which 
eif 
is unwise between. different measuring machines. 
(b) Pï >S : As shown in Figure 6.12 , the extra dynamic range of the 
PI:S creates an overlap, but it hinges totally on the brightest 
secondary image, which may possibly be contaminated by the diffraction 
spikes of the primary (see Figure 8.13 showing maps of star.; A and 




sub -bear prism requires sophis- 
ticated treasuring procedures to smooth the background in the presence 
of bright !rages or in crowded Fields. With the relative merits cf 
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thy:: UKSTU and AAT sub- bea.m prism plates and the comparison of 
measurements by COSMOS and the PPS in rind; the extended cali- 
bration will be carried out using UKSTU plates and PDS measure- 
ments. 
The concl_usice,, of these experiments in extending photoelectric 
ca.librtion using photographic techniques are: 
(i) As pointed out by Crouch and Newell (1980) the results 
on identical plates depend on the measuring machine used. 
(ii) COSMOS measurements of UKSTU plates yield a nagnitude- 
dependen_t offset, which may be attributable to the effect 
of COSMOS thresholding on secondary images with different 
image structure to the primary images. 
(iii) PDS measurements of UI'STU plates yield a satisfactory 
Ar 
off 
which is constant in the overlap region (machine 
saturation is not important there) . However, the character- 
istic curve bends after this point, and the extensicn is 
inevitably an extrapolation and must be treated with 
caution, 
(iv) On an excellent plate, a photoelectric sequence down to 
B ti 16 can be extended down to B ti 19.3 with an r,n, s, 
error of O.lmag. This should be regarded as optimal. 
(v) There is no satisfactory overlap region or check on 
Ameff 
from PUS or COSMOS measurements of AAT sub -bean. prism 
plates. Use of these plates is limited by the number of 
bright stars in the field, and the dynanic range and sophis- 
tication of the measuring machine and its associated 
software. 
8.A Measuring Techniques 
8.4.1 Pclarirnetric Calibration 
The disadvantage of the primary program region at 12h 58m and 
-200 09' is that there is no calibration object, i.e. a BL Lac object 
with known linear polarization_. To estirr,.7ite a. polarization detection 
limit, a set of short exposure plates was taken of the BL Lac object 
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0J207. Since the polar1: at :icn of BL Lacs can change on short 
timeescales a contemporaneous i photoelectric measure of the polari- 
zation was obtained. The plates were reasured on the Iris 
Photometer at POE and the results are included in Appendie G . 
The detection limit (p = 12% at 40 is not directly applicable 
to the program region platers because of the smaller numbers of 
stars involved and the different treasuring machine used However. 
it is a guide to the eventual sensitivity of the photographic 
technique. 
8.4..2 Zeiss 'Blinkt 
Several experiments were carried out to see whether polarized 
objects could be detected 'by eye' over an entire Schmidt plate. 
If successful, this would allow a quick look for extrenee objects 
without the complexities of machine measurement or reduction. 
Experience With 'blink' techniques to look for variable stars, 
blue objects, supernovae, etc. has shown that it is difficult to 
reliably spot differences of less than 0.5 magnitudes. Reference 
to the end of Chapter Seven shows that this corresponds to polari- 
zations of 23 --22% depending on the intrinsic position angle. The 
technique of positive -negative superposition of images was thought 
to be poteetially more sensitive to small ea.f<nitudo differences 
than a simple blink of two negatives. Therefore e positive con- 
tact copy of plate X4902 (00) was made and superimposed in the 
FOE Zeiss T.V. Comparator with the original negative of X4904 
(900) . The T.V. Comparator has the facility for mounting two 
plates and imaging small areas through a mixing prism onto a T.V. 
camera where the focus, contrast and position of each image can 
be altered to achieve the best cencellation. Successful cancell- 
ation naturally presumes that the plates were taken in very si filar 
observing conditions. In principle, polarized objects should 
appear as 'doughnuts' with respect to the well- cancelled field 
stars. Bowever, because a difference in field curvature between 
the two plates, iz:°ages could only be exactly superimposed _in a 
very small region (1 arc minute square) near the optical axis. 
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At any given. tit :e few field stars vexe in registration against 
which a BL Lac object night show up. An entire Schmidt plate 
would have take?_ >40 hours to scan this way. For these reasons 
the technique was not used on any other. plates. 
2.4..3 Photographic Cancellation 
An attractive alterative to the 7 eiss 'blinks technique was 
to photographically cancel a positive and a negative and cover the 
whole area at once. To perform this test the positive (90o) and 
the negative (Os) were placed emulsion ta emulsion and shifted 
until registration was obtained over a large area. Immediately 
below the two plates a film emulsion_ was placed to record the 
transmitted. light. Unfortunately it proved impossible to get 
registration of the positive and negative images over more than a 
few square centimetres of the plate. The radial displacement cf 
negative with respect to positive images indicates' that the ne:entive 
may have 'shrunk' with respect to the positive, which is possible 
since the negative was film and the positive was glass. The 
shift need only be ti0.Ol% to lose registration, since the orage 
sizes are ti30pm and the comparison is over 300r:ß. The obvious 
alternative of using a glass- glass sandwich with more rigidity was 
not possible since the throughput must irage directly onto the re- 
cording film. With two glass.plates faced emulsion to emulsion, 
the transmitted light would be diffused by Iran: of glass and would 
not be properly it "aged on the fi ln. The sire of the transmitted 
'doughnut' is very small (5- 10ur,) and corresponds only to the 
width of a few IIIa -J grains, so direct imaging is essential. In_ 
conclusion, the stringencies of cancelling whole Schmidt plates 
photographically precluded using this technique for a quick look 




































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































TABLE 8, 2 
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Photoelectric Sequence 
No. V B B-V Comments 
2 6.92 8.23 1.31 SAO 157679 
1 7.23 7.73 0.50 SAO 181342 
3 8.65 9,17 0.52 SAO 157666 
4 9.21 10.29 1.08 SAO 181330 
6 9.37 10.31 0.94 SAO 181311 
5 9.73 10.22 0.49 SAO 181319 
8 9.98 10.52 0.54 SAO 157645 
10 10.01 11.67 1.66 
7 10.03 10,45 0.42 SAO 181297 
9 10.31 10.84 0.53 
13 10.31 11.84 1.53 
17 10.71 11.92 1.21 
16 10.91 11.63 0.72 
20 11.24 11.89 0.65 
18 11.28 12.05 0.77 
23 11.55 12.18 0.63 Possible Variable 
39 11.64 12.72 1.08 
in 11.71 12.70 0.99 
28 11.83 12.39 0.56 
49 12.23 12.88 0.65 
54 12.34 12.99 0.65 
59 12.55 13.29 0.74 
80 12.94 13.58 0.65 
87 13.15 13.70 0.55 
106 13.18 14.18 1.00 
118 13.45 14.40 0.95 
127 13.67 14.52 0.85 
132 13.90 14.77 0.87 
156 14.10 14.61 0.51 
169 14.17 14.93 0.76 
192 14.54 15.26 0.72 
243 14.72 15.68 0.96 
223 14.86 15.48 0.62 + 0.02 
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E. 
Figure 8.1 Finding chart for the photoelectric sequence in the 
field centred on 12h 57m , -20° 09'. Johnson B and V 
magnitudes are listed in Table 8.2. 
s 
P - ' 1 







Figure 8.2 The colour correction between the Polaroid /emulsion 
bandpass J' and the Johnson B,V system. Solid line is the 
best least- squares fit for the photoelectric sequence stars, 




J (r:,.e ÿ ' 
y= a + bx +cx2 ÷x3 





mG = 0.57 
rrl 00= 0042 
11 
Vm 
90 ,..... r.....,...........! _,,...._..,.. , 
C/'O + a 
M, 
UOSMOS 
Photoelectric calibration. Colour -corrected photoelectric 
magnitude J' =B- 0.38(B -V) is plotted against COSMOS magnitude 
for 0 0(m 0), 90°(m90) and the mean m = (mo +m90)/2. 
(Plate X4902 =m0 and plate X4904 =m90 curves are displaced 
downwards by 1 and 2 magnitudes respectively). 
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Figure 8.4 COSMOS magnitudes: 00 vs. 90° 
The coefficients of the least-squares quadratic fit 
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mCosmos 
Sub -beam prism calibration (COSMOS). 
Johnson B magnitude plotted against mean COSMOS magnitude 
for three plates. Primary and secondary images are plotted, 
with a linear regression straight line fit to the stars in 
























Sub-beam prism calibration (PDS). 
Johnson B magnitude plotted against PDS magnitude for 
three plates. Primary and secondary images are plotted, 
with a linear regression straight line fit to the stars in 
the overlap region 
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a) Image A from figure 8.6 
Figure 8.7 Stellar profiles from overlap region of sub -beam prism plates. 
b) Image B from figure 8.6 
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c) Image C from figure 8.6 
Figure 8.7 Stellar profiles from overlap region of sub -beam prism plates. 






rx POS (density) 
/ 
Figure 8.8 Measurement of saturated stellar images. 
a) COSMOS. The image is summed by taking I0-I5, for ail 
pixels above Ithr. 
b) PDS. A two dimensional Gaussian fit to the wings of the 
image gives a volume r 
9 
x -h in density space. 
(schematic only). 
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Figure 8.9 Sub -beam prism calibration (PDS). 
Johnson B magnitude plotted against mean PDS magnitude for 
three plates. As in figure 8.6, but here the secondary imag s 
have been mapped onto the primary images assuming Ameff =3.27. 
. 
J (p.e. COSMOS 
A m = 3.27 
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10 
Extended photoelectric calibration (COSMOS) . 
Colour- corrected J' magnitude is plotted against COSMOS 
magnitude for. plates X4904 & X4902. Solid points are the 
photoelectric sequence data from figure 8.3; open points are 
the sub -beam prism extension sequence transferred from 
plates 135895-C-7. 6th or. i?.,r nolvnomi al 'Pit is shown with 
rms GU') = 0.052 mag. 













































Figure 8.11 Sub-beam prism calibration (COSMOS). 
Photographic J' magnitude plotted against COSMOS magnitude. 




















Figure 8.12 Sub -beam prism calibration (PDS). 
Photographic J' magnitude plotted against PDS magnitude. 
The region of overlap is defined by only one observation. 
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u) Image A from figure 8.18 
-,/ 
Figure 8.13 Stellar image profiles from overlap region of sub-beam prïsm 
plates. 





The technique for selecting polarization candidates is described 
in this chapter. Selection is made from one complete set of polar- 
ization plates, with corroboration. iron a single Stol :es parameter 
set and. a variability set. Est:..Lates of the completeness and re- 
liability of the technique are calculated, and a list of candidate 
polarized objects with significance levels is given. 
9. 1 Detection. Technique 
9.1.1 Differential Measurement 
A differential detection technique has ix:portent benefits for 
selecting polarized objects, apart from the simplicity of the cale l.- 
ations. As described in Chapter Seven, no photoelectric calibration 
is required. The degree of polarization is a dimensionless quantity 
representing the modulation of intensity through different angles of 
the analyzer, and the intensity can be in arbitrary units. The 
photographically extended calibration sequence is used only to tag 
the magnitudes of images down to near the plate limit, with an error. 
of ±0.1 magnitude; polarizations are calculated directly from COS; 
machine magnitudes. The control factors (C0) are intended to conpen- 
sate for differences in observing conditions and emulsion sensitivity 
between the four plates comprising e..polarization set. The relation- 
ship between IO and IeO, and 
145 
and I135 in the control regions also 
tests whether there is significant intrinsic polarization in the field 
stars, since the control regions are e ?_posed through a stationary 
piece of Polaroid. Least-squares fitting of a quadratic function to 
the plots of 1 = f(I ) and 1 = f(I ) showed that for the plates 
90 0 135 , 
X5742 -5 there v: a.s less than a 3% difference between the parameters 
calculated for stars in the control regions and the parameters cal- 
culated for stars in the program regions. In. addition, the r.m.s. 
of the distribution of residuals (I0 -I90) and I45 -I135) was similar 
to within 3% for stars in the control and program regions. This 
important result means that there are no systematic polarizations 
of the field stars at a level of greater than 3 %, confirming an even 
more severe limit on the intrinsic polarization of <1% which care from 
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the photoelectric sequence in rection S.2.3. Therefore, the control 
factors C0 were ,tppl cd tc correct the shape of the functions I = 
f(I0) and I135 = f(145) , and it vim '..sured that the corrected. 
functions 
Ißß 
= f'(10) arci I13 _= i (I45) defined zero polarization 
for the field stars. This method is an internal polar metric: 
calibration. In any magnitude inter,ül, the fitted functions ero 
of the form, 
I. _ f l(Tß) - `ß + a.1Iß + a2I + aVI + . . . 
I _ f'(l ) = b + L i I + b 1 2 + b I3 + 
1:i5 45' C á. 45 ¿ Cv 3 45 
o 0 0 
or in this case as a function of COSMOS magnitude, 
2 3 
mc = f (rß) = aß + a.1,-..ß + a.2xuß + :3mß + ... 
M 
135 
= f'(m ) = b + b r + b x12 + b xt3 + l3 45 ß l 40 2 45 ,', 45 
In this chapter, except where specifically referred to as J 
magnitudes, all magnitudes are COSMOS machine magnitudes. The 
internal polaris etric calibration makes an assumption that the mean 
residuals averaged over many stars will be zero 
i i 
(m. ß ^ f (mß) ) - (TM135 - f f (m4á) ) = ß (9 ..5) 
However, the residual of an individual star will not in general 
be zero, and will be related to the Stokes parameters in the following 
way, 
{ni - f' (rr )} = e. , {m135 - f' (, )1 
9ß ß i 45 i 
and therefore using equations (7.56) and (7 53) , 
0 lß-(c/?.:.)-1 
I 
Iß- ( ci/2. 5) 
+l 
(9.6) 






= p cos 20 (9,7b) 
where Q/I ar..d U/I are norma.ii.neC. Stokes parameters and I is the 
mean intensity of the four position angles. As demonstrated in 
Section 8.2.3, there is a di ect correspondence between dealing in 
magnitudes and intensities, so equations (9.7a) and (9.7b) are ecui- 
valent to (7.11a) and (7.11b). 
It is evident that the polarization referred to above is a 
pseudo -polarization. The distribution of residuals s and ei when 
two plates are compared simply indicates the distribution of random 
photometric errors involved in faint stellar photometny. The,con- 
trol regions show just the same residual distributions from areas 
exposed through the same angle of the Polaroid filter. Although 
not implying that there is any substantial intrinsic polarization 
associated with the vast majority of stars on the plate, it is 
nevertheless useful to deal in terms of polarization. Rather than 
being thought of as polarization. signal, Q/I and U/I represent 
polarization noise. The width of the residual distribution can 
be converted into a polarization detection level, and the width of 
the distribution also gives the probability that an individual 
residual will occur due to random errors rather than intrinsic polar- 
ization. A pseudo -polarization is also convenient because it in- 
corporates measurements from lour plates in one parameter. 
Inevitably, coping with poor signal -to -noise is the dominant 
problem in the differential technique. The search involves 'k,3O,000 
stars clown_ to inu ti 19.5, and the objects of interest will be buried 
in the wings of a broad distribution of photometric noise. Large 
numbeers of objects and large areas of sky must be searched to have 
any epeceetion of finding polarized objects, but large numbers will 
also contaminate the wings of any random distribution. Without 
confirmation by photoelectric observations or measurements from a. 
large number of plates, each polarization candidate will be tentative. 
The technique is only of importance if the error distribution can be 
i1UQït'.i.lE}Li, and each cai1t51(i%LG,. 'c'.ui.(;r'cL'' a .10EtLlk;i.3.tae1 113.'Lí: 
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relevant concepts which can be identified are the completeness, 
significance and reliability of the polarization search. The 
completeness relates the detection lirait of the search to the 
known polarization properties of EL Lac objects. The significance 
of a polarization candidate assumes a model for the distribution of 
photcea :ric errors and indicates the probability that a given polar- 
ization could occur by chance. The reliability is complementary to 
the significance, since it takes into account errors not modelled 
in the significance estimate. For example, if the errors are non - 
normally distributed (due to the presence of galaxies, merged 
images, mis- matches, etc.) then the reliability is a confidence 
level that the candidate is not in one of these spurious categories. 
9.1.2 Procedures 
The polarization search was centred on 12h 57m and -20 o 09' 
(UK Schmidt survey field No. 57) , and the machine measurements 
covered an area of 3.2° x 3.2°. The program ^.a °ea of 10.2 square 
degrees is entirely within the unvignetted part of the Schmidt 
plates. In addition, an area of 1.27 square degrees was measured 
in the control region of each of the plates. Six plates were used 
in the search: the complete polarization set X5742 (0 °) , X5743 
(45 °) , X5744 (90 °) and X5745 (135 °) taken in March, 1979, and the 
partial polarization set X4902 (0 °) and X4904. (90 °) taken in March, 
1980. The data from each of these plates was held on a separate 
magnetic tape, and the first step was to pair images between 
plates. The COSMOS pairing program treats one plate as the 
'master' and uses 5 - 10 stars to define a coordinate transformation . 
between the 'secondary' and 'master' plates. The .mages on the 
'secondary' plate are paired using a 25pm search box from the trans- 
formed position. The pairing success rate is very high; only 
near the plate limit do mis -matches and non -matches become more 
likely. By repeating the procedure, more than one 'secondary' 
plate can be po .,.d to the sane 'master'. Three paired tapes were 
produced from these sin plates. First, the four plates X5742 -5 
were matched with X5742 as the master. The pairing was q,96.94% 
E 
CfJi:,iJ.l;7üf: ï..i all 1. ì: °i'u _ si4.: lL;ñ. %,., -ìCí..: ;1._r.:íï. i.f,; -.0 _. ,.:.jLua... 
-323- 
pie,a1a, This imaae area was used as a limit in all the work 
discueaed here; es a general rule it coespoiid t a level a,1 
magnitude above the pate limit. Sceend, the plates 71902 aaa 
X4.-.04 were paired with. X4904 as the maater. Tas palying definea 
the Stokes parameter g and was 99.96% complete for irea45,es of area 
>F0. Finally, the plates X5744 and X4904 were paired with X49.fl4 
as the naater. The comparison between plates taken throu4,:1. the 
sam1?-, Polaroid angle (900) but one year apart gives a check on 
variability. For this pair the success rate was 98.9% for image 
areas >50. The full pairing statistics are given in Table 9.1, 
and the three sets will in future be ref.a.red to as P, Q and V 
respectively. Due to the different plate limit for the pairing 
X4904/X4902, there are considerably fewer images on the g arid V 
sets than the P set. Therefore the completeness of the Q aed. V 
sets. (>997, of images paired) extends down to a magnitude '\0.6 
mag. brighter than the limit of the P set. Candidates chosen 
from P alone are complete down to j = 19.5, but candidates chosen 
from P and either Q or V are only complete down to J = 18.9. 
Four selection parameters car bc derived from these six 
plates, corresponding to residual deviations from the four pairings 
X5742/X5744, X5743/X5745, X4904/X4902 and X4904/X5744. The firet 
two define Stokes parameters g and the third defines the 
Stokes parameter Q and the fourth describes a degree of variability. 
These four parameters are combined to give the significance level 
of a polarization candidate. The selection procedure can be sum- 
marized as follows: 
(i) Control factors C 
0 
were derived by least-squares fitting a 
relationehip to data from the control regions of three. of the four 
pairings and comparing it to the relationship for data from the 
program regions (see Section 7.5.2). There were no control factors 
for the fourth variability pairing because the plates were taken 
through the same Polaroid ang/e. About 1000 stars in the magnitude 
ranee 14 < J < 19.3 were used to define Co. 
(ii) For the subsequent analysis, the p. ;ram area was broken 
down into nine sub-units each a,1° x 1°. This was done partly to 
allevjate the Iield 1:,:;2e. found on all thk:, 
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by using a l'_'etively 'local internal calibration. Also the 
smaller aree, were leeeded to keep the ,iumber of stars in the 
least-squares fittinj routine tractable. In a 
o 
square on the 
paired plates Y.F742-5 ti)era were found to be (1,2000 stars in the 
ranee 14 < J < 
For ea eb sub-area, and for each of the four plate paira 
of interest, several tests were carried out. First, residuals were 
plotted againet position on the plate to check for field effects. 
Then the residuals were histogrammed and fitted by a Gaussian dis- 
tribution. A minimum x2 search was carried out for a Gaussian of 
variable amplitude and width, and the parameters of the best fit 
Gaussian were noted. Finally a list of discrepant objects was 
compiled using cuts on the selection parameters and the image 
eccentricity (to exclude double images anc obvious galaxies). One 
list was produced for each of the P, Q and V plate sets. 
(iv) The three selection lists in each area were paired and 
inages common to mere than one list were tagged as polarization 
candidates. The prime list consisted of objects which appeared 
on all three lists, ari using the combined selection parareters a 
significance level could be assigned to each candidate. 
(v) The reliability of the candidates was assessed with a star/ 
galaxy separation algorithm, and also Ly visual inspection of the 
plates. Each prime candidate was examined on direct, polarization 
and objective prism plates. 
9.2 Data 
9.2.1 Field Efiects. 
One of the most striking features of all the plate pairs 
analyzed was the existence of large amplitude, systematic field 
effects. Field effects arc magnitude offsets. which vary across a 
photographic plate, and can be caused by defects in the plato such 
as emulsion sensitivity gradients or by error in the machine 
mesu.reLlent. lt is to ,,flisc7::7 t17.ese two contri- . 
butlops IT ti-,ore- 711c' :tTlet.ric 
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across a Schmidt plate, then the field effects can be defined 
absolutely. However very f'.w fields have sufficient calibrators 
to nap the variations sensitively, and only relative field effects 
are discussed here. Comparison of relative field effects on the 
polarization plates with absolute field effects on COSMOS- r.easure ì 
of x"1500 st«ndarde in the SGP field show that bath types have the 
sane characteristics (Gilmore, Reid: private coirnin ication) . On 
soue plates the ampl:itur e of the offsets can be >0.4 COSMOS magr.i- 
tuCe , ( >0,7 photoelectric magnitudes) 2111 it is possible that they 
may have been caused by the lack of autofocus on the COSMOS ri ach .e;. 
at the tine of the measurement. Autofocus is a closed -loop system 
which compensates for the sag of the photographic plate in determi.:^.ini; 
the optimum focus of the scanning light beam. Slight defocusing 
of the beam will degrade 
. the effective resultion, increase the amont 
of scattered light and alter the machine mcg nitude, However, since 
field effects have also been observed on plates measured with an 
iris photometer, the problem cannot be due to COSMOS in all cases. 
To investigate the field effect., the brightest 3500 stars ir 
the 10 square degree program area were considered. First a poly- 
nomial was fitted by least squares to each of the four plate pairs 
and. a histogram of the residuals was plotted. The distribution of 
residuals is characterised by an r. va s . deviation and is often asym- 
metric with substantial wings. To correct the raw data, a 20 x 20 
grid. was formed from the 10 square degree area, and residuals from 
all the stars in a bin were summed and averaged. This created a 
20 x 20 array of mean residuals. With 3500 stars in the field, 
there were often less than 10 stars in each bin and the second stage 
was to smooth the elements of the 20 x 20 array in 3 x 3 bin areas. 
A Gaussian function with a half -width of one bin was used for the 
smoothing. The resulting 20 x 20 array of smoothed. residuals was 
then applied to correct the raw data The raw data was recalled 
from magnetic t g;c, each star within a given bin being corrected by 
the appropriate array element to give the corrected data point. 
The improvement was tested by -once again least squ ::: res fitting a 
polyneriel to the paired Anta pnd calculating an r,nrs,error, 
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F :ir.ally, the effeetiveness of the procedure can be checked by 
biX:::.i.;ng the residuals of the corrected data and contour plotting 
the field effects again. In theory this process can be repeated 
until the residuals are negl .'.ably small, but in practice after one 
iteration the level of residuals was buried in the photometric 
noise and further iterations (lid not improve the error. 
The improvements which result froc: correcting for field effects 
are shown in Table 9.2 and Figures 9.1 -- 9.4. Table 9.2 contains 
the polyfit coefficients and r.m.s. errors for the raw and corrected 
data. The reduction in the r.m.s. error is substantial: between 
25% and 35%. Figure 9.1b shows the residual distribution for the 
pairing X5742/X5744, and Figure 9.1a is a contour plot of the field 
effects across the program region, The contours are at intervals 
of 0.02 magnitudes and the systematic variations are clearly seen. 
Figure 9.1d shows the residual distribution corrected for field 
effects and plotted on the sane ;- axis scale as 9.1b. Not only is 
the distribution much narrower but it is more symmetrical and looks 
more like a normal error distribution. The high -a wing of images 
appears to form a different component from the smooth curve of the 
majority. Figure 9.1c demonstrates that the correction has 
successfully l removed. the field effects and the residual contours are 
well within the calculated r.m.s. Figures 9.2 - 9.4 contain the 
same four plots for the c .. :per three pairings: X5743/X5745, X4904/ 
X4902 and X4904/X5744. The features are gi.r:l.itatively the same and 
it should be noted that the strongly concentric residual cce- _ours on 
X4904/X4902 are the most direct evidence for COE:°OS focussing contri- 
buting to field effects. The centre of the contour plot corresponds 
exactly to the geometrical centre of the Schmidt plates, Even for 
these very severe gradients, a dramatic iaprove ent in the r.m.s. 
errer is possible. 
The implication of field effects on Schmidt plates is very 
seri.e us for many types of project. Galaxy counts of photographic 
photometry down to faint levels will be severely affected by apparent 
sensitivity changes,. especially since the amplitude is so large. A 
-1 
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In this study, the polarization detection licit depends directly 
on the width of the residual distribution; and any smearing out 
of that dis tribnticn will be very deletenAous, A differential 
techni.cLie will show up field effects, and by taking a 'local'  trans- 
formation between plates over a. very small area (inn. this case 10 arc 
minutes E 9mrß) the gradients can be almost entirely removed. To 
optimize the detection level the residuals must be photometric- noise 
limited. It has been shown that this can be successfully achieved 
for the bright images, but the results cannot be safely used to 
correct the faint images since there nay be field effects on a scale 
finer than can be probed by the bright images. Therefore the 
cedures described. above were carried out for the 1 degree square 
sub -areas as well, 
9,22 "P" Set 
The four plates X5742 -5 define a complete polarization set, and 
the pairings X5742/X5744 and X5743/X5745 represent the Stokes para- 
meters Q and. U respectively, In each sub --area there were 200.3100 
stars, and the best fit to the functions 
x`40 
= î'0110) and n135 
= 
f`(m45) was a linear function with no improvement in r,m,s, by going 
to a higher order po_lynomial. Contour plots of residuals aga1.._. 
position within the sub-area showed that there, were systematic field 
effects even across this small area, with a peak -to -peck amplitude 
of 0,24 ma;. for the 0 ° -90° pair and 0.14 nag. for the 45°-135° pair, 
This time a 10 x 10 element array was used for the correction, be- 
cause a 20 x 20 array would have left an average of less than eight 
stars in each bin and the average residual from so fey and faint 
stars would have been dominated by photometric errors rather than 
field effects. Applying these corrections had a negligible effect, 
the .r,n,s, for 0 ° -9u° decreasing from 0,259 -> 0.251 nag, and the 
r.ri,s, for 450 -135° going from 0,199 -'- 0,198 mark, When the corrected 
residuals were plotted against position, the contour plots showed 
that the field effects had been largely removed. The very snail 
reduction in the r,L,s, error showed that the errors for the faint 
stars on tales e plates are : ei1:. 1ai,ed by ranfior nol.L rather than 
sys7.eLia'tt_e ai!ient lher:,:`o corrections were not applied to 
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residuals in any of the sub -areas, ïp the resat of this chapter, 
one of the sub -areas (demoted Sub 1) will be taken as being typical 
and graphs will only be shown for this ore region. The tables 
will. di .play the full data for all nine sub-areas. 
In order to derive an objective level of significance for 
each of the poi_arizatien candidates, the residuals were modelled 




p(Yi,p, QG) _ exp j-á( - 6 ) 
Gt7r ((( G 7 
(9.8) 
where X. -11 = ei, the residual for the ith data point, and 00 is the 
stand.: d deviation (Wall, 1979), Empirically, the Gaussian or 
normal distribution is a good description of random errors in most 
experiments, The parent distribution of the residual distribution 
is assumed to be a symmetric Gaussian, and even though there is 
definitely a non-normal high -a tail to the residuals it is important 
to see how well the bulk of the observai-ions are described by a dis- 
tribution with well-understood pros. dies., The standard deviation 
of the least- squares fit is and the residuals are binned at 
intervals of 0.15 , If the total number of data points is N, the 








where c. = n(0.1cTE) 
as 
(9,9) 
The fit is performed by minimizing x2, defined 







wher.e n is the nu..iber of hins alld f(Y. 
j 
) is the observed bin 
population. The me= st,!rï:":!iii.. s X. are distributed according to the 
parcnt poPulatior.., and for each bin valu° 
j 
a samp3.e of th. parent 
population is chosen. The fi.l.ictuations in f(X.) are descr.. by 
J 
the Poisson distribution whore the variallce equals the mean (i.e. 
cs(f) = f(;{.) = Np(X.3 ,11,0- 
G 
)) and equation (9,10) becomes 
X2=a Np(X j,i;,crG) j=i 
(9.11) 
To carry out the test the data was truncated at ±35F, and a two 
parameter X2 search was performed to calculate the optimum mean and 
standard deviation of the parent distribution. The residual histo- 
grams and best -fit Gaussians are displayed in Figure 9.5, along with 
the contours of X2 :for the parameter search. The values of 
of 
(fraie 
a least -squares fit to all the data) , y2 and G (fwo;a: a Gaussian 
MIN u 
fit to the truncated data) are given in Table 9.3 for all the sub- 
areas. The value of X2 
r,.zr 
has been divided by the number of degrees 
of freedom V = Ii-2, and the reduced values indicate a tolerably good 
fit of the Gaussian to the ob erved distribution. UG is less than 
U because the highly deviant images hove been removed, and UG will 
F' 
be the basis for the significance test for the candidates. A single 
value of U 
C 
for all the images in each sub-orea is not strictly valid, 
since a 3.5 magnited.e range is covered and the dispersion will increase 
with magnitude. however the ma ioeity of the points are at the faint 
end and ßG will be a good estimator there, despite being an over- 
estimate for the brighter stars. The magnitude range also e :rplains 
why the values of y 2 
MIN 
are not closer to 0.5. 
Figure 9.6 shows the magnitude plots of the two pairs X5742/ 
X5744 and X5743/X5745, along with the calibrated number -magnitude 
distribution and the number-eccentricity distribution. The eccentri- 
city is a COSMOS image parameter defined as the ratio of the semi- 
minor to semi -major axes. By discarding highly non -circular images 
it is possible to filter out double images (artificially joined by 
cfs..or. inl.e e , :' 
_1 
...i nF'e) .i.ií'. s m_t''_£.ni es. The ir!portnnt dia 
graces of pseudo-polarization are shown in Figure 9,,7, The h_..:'l:or iaL 
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of polarization noise shows that n-12¡; of the images lie beyond 
values of 20%. E en with a relatively high detection cut, the 
number of candidates to it through is enormous. Extended 
objects will conter ?ii.";.ate the tail of the n(p) histoF,rem because 
the COSMOS thresholding procedure can readily produce 10 - 20% 
deviations in the stunned intensity of an irage with a ala.cian 
profile. The number-magnitude plot shows that the high polari- 
zation images increase sharply beyond J = le.s, and it is not 
clear from the diagram whet or the sp ead is caused by an increase 
in the random noise at the faint end, or an increase in the number 
of galaxies in the sample. If it is the first, then the polari- 
zation detection limit cannot be improved; if the second, then 
an appropriate star /galaxy separation algorithm will increase the 
sensitivity of the search, Perhaps the most information is con- 
tained in the Q -U plot, which is a two-dimensional plot of n(p) 
with contours of polarization noise being concentric circles of 
radius p in the Q -U plane. The distribution does not quite have 
circular symmetry, which represents the fact that aG = 0.254 for 
the Q pairing (X5742/X5744) and c = 0.183 for the U pairing 
(X5748/X5745). A skewness in the Q -U plane is important because 
th-. plates are not then equally sensitive to all position angles 
of polarization. The weighting of the high -c points causes the 
zero-points of Q and U to paws a few percent from the centre of 
the condensed part of the distribution. Therefore en error of 
2-3% is involved in the zero point of the internal calibration. 
The contamination of images with high polarization noise is equal 
at all position angles. 
9.2, i trQtt Set 
The two plates X4904 and X4902 define the Stokes parameter 
Q and there are about 1800 stars in each of the 9 sub -areas on these 
plates. The field effects for this pair were particularly severe 
for the bright images across the entire program region, and the 
same tests reveal that they are still severe over 1 square degree. 
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Using a method exactly analog;.as to that for the "P" sat in Section 
9.2.3, the plates were corrected using a 10 x 10 smoothed array of 
mean residuals. The reduction in the r.n s error of the residual 
histogram is '1,21%, and the residual histograms and Gaussian -fit X2 
conurs both before and after cor.r-oe _.on are similar to those for the 
P see: and the value of aF was not improved by going beyond a 
linear fit. Values of aF' 
X2b,IN 
and aG are listed in Table 9.4. 
9.2.4 "V Set 
The plates. X4904 and X5744 are used tes look for variability 
over an interval of one year. moth are 90° plates, so each 
stellar image passes through. the same piece of Polaroid. The 90° 
plates of each set were chosen because the calibration photoelectric 
sequence had a smaller scatter on these than on the 0° plates. 
Different limiting magnitudes mean that the completeness limit of 
the paired data is constrained by X5744. The field effects on a 
scale of 1 degree are doubtless introduced by X4904, and as before 
were removed by a 10 r: 10 array. The field effect contours before 
and after correction are similar to those for the P set, and resi( :1 
histograms and Gaussian-fit x 2 contours also have the same form. 







listed in Table 9.5. 
9.2.5 Star /Galaxy Separation 
A simple method of star /galaxy separation and double-image 
rejection was needed to compre5;s the n(p) distribution and allow a 
lower polarization cut while reducingthe number of polarization . 
candidates to reasonable proportions. It was decided to use an 
image eccentricity cut of 1.5 to achieve this. An eccentricity cut 
must be used with care because the eccentricities of ordinary stellar 
images increase with fainter. magnitudes. As the number of pixels 
in an image gets smaller, .sma.11 variations in background intensity 
and the addition or subtraction of single pixels can mate substar_..ial 
differences to the ratio of semi -major to .semi -minor axes. For an 
Ir pixel image, the eccentricity could be typically 100( /N) %, which 
is -1 co- , :71:1.1.'.. i.1-2fIces in this sr.'cdv, 'The eccentricity rt it 
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must not be so crude that it compromises the completeness of the 
stellar images. A cut of 50% was used on all the plates, meening 
that if any one of the irages in a paired set had an eccentricity 
>1.5 the imne w rejecL: d. To test the eut, a sample of 100 
images with eccentricities greater than 1.5 were studied by eye on 
plate X574:'. The sample covered the entire magnitude range. By 
visual inspection, each of the 100 imm-_,:es were galaxies, putting 
an upper limit of 1% on the stellar rejection rate caused ly such 
an eccentricity cut. From the eccentricity distributioe. in Figure 
9.6, 'k,26% of all images in the range 16 < J < 19. are rejected; 
and the effect on the n(p) distribution is very . enificant. 
Figure 9. 7d shows n(p) for all images (solid curve), and for images 
with eccentricities less than 1.5 (dashed curve) with the selected 
images normalized to the mode of the total population. For the 
unselected images, q,37% have p > 15';',; whereas for the selected 
images, only 15% have p > 15%. Therefore the total number of 
images N has been reduced to (0.75)(0,15) N = 0.11N. Compact 
galaxies and face-on elliptical will not be removed at this stage, 
but this crude cut has reduced by an order of magnitude the number 
of stars to be searched and allowed a polarization detection limit 
of rv15%. 
9.3 Candidate Selection 
9.3.1 Composite Lists 
Three data files were created for each sub-area. The first 
held images from the "P" set of plates selected by eccentricity less 
than 1.5 and p > 15%. The second held images from the "Q" pairing 
selected by eccentricity lass than 1.5 and a residual 6Q > 2.0a 
G. 
The third held images from the "V" pairing also selected by eccent- 
ricity less than 1.5 and a residual e > 2,0c- 
G. 
The images on 
these lists were paired, and objects appearing on more than cne list 
were put into a separate file. It is an important part of the 
selection procedure that a candidate appears on more than ol:e list; 
the reliabiHty increases according to the number of independent 
'c ... ;:J it 
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Several lists were made, ir order of importance: 
(i) 
PQV 
+ p > 
15% 
i > 2,OoG ci 
> 
2'Oc G 
(ii) PV . p > 15% - ei > 4,0aC 
(iii) PQ p > 15% a" > °-,OcfG 
V 
(iv) V (J > 18) si > 6,00 
V (J < 18) E. > ;3,Oo 
1. C 
ecc < 1.5 
ecc < 1,5 
ecc < 1,5 
ecc < 1.5 
ecc < 1,5 
The reduction in the number of candidates under these conditions 
is charted in Table 9.6; the number of objects in the prive PQV 
list is 33. 
To reduce these lists a final time, the compact galaxies and 
e<tended objects which escaped the eccentricity cut rust be culled 
out. If the logarithm of the COSMOS image area is plotted against 
COSMOS magnitude then the stellar images form a closely-defined 
relationship while the galaxies have a larger area for a given machine 
magnitude and scatter on one ;side of the stellar band (Figure 9,8 ), 
The loiA -m relationship determines the compactness of an image, 
although at fainter magnitudes the distinction between stars and 
galaxies becomes blurred. It is also impossible to distinguish 
stars and very compact galaxies, but if the image properties are so 
similar then the COSMOS parameters for a compact galaxy will be just 
as reliable as for a stax. Figure 9,8 shows the logA -r, plots for 
all the stars in a sub -area, with the candidates superimposed in 
larger symbols. For the PQV objects, only 9 out of 33 images are 
found to be stellar in appearance on the original plate, another 3 
are 'soft' or marginally Donor- stellar, and the remainder are obvious 
galaxies. The eye is highly sensitive to contrast, and is a much 
better star /galaxy discriminator than COSEOS; so visual classifi- 
cations must be used to test the effectiveness of the logA -m diagram, 
Fi Jure 9.8a deirtoimsi._c.c. :._, th. :,T .here Is a cl.c'.n LsÑI'sù.:; :i é.i ï.L'a; Î :C :'i.',c.. 
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stellar and galactic images and a line can be drawn which uniquely 
separates them. The PQV candidates divide into bright galaxies 
and fainter stars, tho ugh even the candidates identified as stars 
have a range of compact:r._ ; on the loge -m plot. 
The composition of the other three lists is somewhat different. 
To counter the fact that the candidate is selected from fewer inde- 
pendent measurements, the selection cuts on all parameters (except 
polarization) have been. raised. The PV list has only 9 out of ^I 
candidates as stellar, with a majority of bright galaxies showing 
up as extended (Figure 9. 8b ) The PQ list contains more than 60% 
stars, dominated by a clutch of faint objects which fall on the 
compact side of the star /galaxy separation line. As with the;PQV 
list, a single line completely ser :rates stars and galaxies and 
there is only one moderately bright stellar candidate (Figure 9.8c ) .. 
The selection criteria for the V list divide into objects brighter 
than and fainter than J = 18 with vari{: ailitÿ cuts of eY > 3a8, and 
ei > 6aG respectively, 11 out of the 36 candidates appear stellar 
on the original plates, a similar proportion to the PQV list, The 
star /galaxy separation is clear-cut, but the increasing confusion 
between stars and galaxies can be seen on the logA -r.' plot (Figure 
9.8d ) as the completeness limit is approached. There are to can- - 
didates which fall well below the compactness curve for stars, 
though inspection of the plate showa them to be stellar in appearance. 
35% of the objects on these four lists can be classified unambiguously 
as stellar. 
9.3.2 Confidence Limits 
For each of the final 46 candidates, two statistical quantities 
are derived which define the likelihood that the object is polarized 
and /or variable. The first is called the sis-- ficance of the ob- 
servation, and uses statistics based on the umption that the errors 
from any two intensity measurements are norm ay distributed. For 
the PQV candidates there are four residuals which combine to give 
this parameter, 
-340- 
2 2 2 2 
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(9.12) 
where the subscripts Q' and U' refer to the plato pairs X5732 /X57 4 
and X574 ,/X5745, Q refers to X4904/X402 and V refers to X490-4/::5744, 
For PQ candidates the last term is zero, and for PV candidates the 
third term is zero, <S> is a dimensionless quantity which treats 
the four residuals as independent, Each quantity (s, /o ) represents 
the integral probabi.'.bility that a random measurement X. 
1 
will have a 









and if the measurements are independent, then 
(9.13) 
<p> _ (1-%i)0,(1-Pi)u,(1-pi)Q(1-pi)v (9,14) 
_ç 
i.ee for each residual having (ci /cs0) = 2, <S> = 6 and <p> = 4 x 10 
Unfortunately it is not completely true that the measurements are 
independent. For example, an image may appear to he polarized be-- 
cause a faint image becomes appended to it in the COSMOS neasu,-::__ent 
(the eccentricity limit need not be violated) . Whether the image 
appears as a polari:sation candidate would depend on the background 
level on each plate and the effect of COSWOS thresholding, In 
addition., the plate pairings are not i_ dependent, if an image is 
peculiar on plate X5744 it wil show up on both the Q" and V pairings. 
Therefore <5> should only be regarded as a 'figure of merit' rather 
than representing a probability, Higher values of <S> indicate the 
more significant polarization candidates, Note that this statistic 
differs from the one used by Perston and Cannon (1970) and others to 
look for variability in quasars from photographic plates. The X2 
test that they have described can only ce used for a larger number 
(N > 10) of indeuendent measurements, 
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The second statistic is the reliability of an observation, 
which tal.:..., into ac:: ouAt as far as possible the component of non - 
normally distributed residuals. The reliability is the product 
of three factors, 
4 
Z l <R> = (;;) 
S/G, 
n is the number of plate pairs involved in the candidate's 
(9.15) 
selection, and (4/n ) 
2 _1 for a PQV candidate. n`, 
/G 
is the per- 
centage of the candidates in a list which are borderline between 
stars and gala ies. f(m) is a signal -to -noise factor to account 
for the range of brightness of the candidates and the fact that the 
demarcation between stars and galaxies dissolves at faint magnitudes. 







f(m) =10- 5.0 
where L 
14iI N 
is the bright magnitude limit of the sample (J magnitudes 
are used). <R> is only equal to 1 for a PQV candidate at the bright 
end of a sample where the star/galaxy separation is unambiguous; 
otherwise <R> is less than 1. The product <R> <S> is a comprehensive 
statistic for each candidate. Tables 9.7 - 9,10 list the four sets 
of candidates numbered according to their sub -area of the platee 
PQV candidates which appear on other lists as well have only been 
shown on the PQV list. As defined by the <R ><S> statistic, the PQV 
candidates are nearly all more significant than any of the others. 
Therefore, the 9 objects in the PQV list are regarded as potentially 
polarized sources. 
The finding charts for the objects are shown in Figure 9.3a End 
the spectra from the U >'.STU objective prism plate of the field are 
presented in Figure 9.9b 1950 positions are listed in Table 9.11, 
The positions were obtained by using a coordinate transformation 
fitted to 12 SAO stars across the field, and interpolating the 
positions of the objects, Each position hss an accuracy of c(}LA..) 
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= 1,1 arc seconds and cr(I)ec) = 0,3 arc seconds. None of the can - 
didates is a radio source down to the limits of the Parkes 2700fiMIiz 
s` r ey (revised August .1. 7;7S), Photoelectric polarimetry, compre- 
hensive variability studies, and spectroscopy are needed to confirm 
any of the candidas as a BL Lac object. This work puts an 
lit i t on the space density of BL Lac objects according tc the 
following limits 
p > 15% 
AV > O. mag. 








The sensitivity limits of the survey can be interpreted' in terms 
of the properties of the current sample of BL Lac objects, using the 
review by Angel and Stockma =n (1980) as a source of data. All 57 
polarized objects listed by Angel and Stockman have mean visual mag- 
nitudes brighter than the limit of the survey and accounting for 
variability they spend ti9O% of the time above the brightness limit 
(Pollock et al, , 1979 ; Pica et al , 1980) . 24 (42%) have maximum 
optical polarizations greater than 15%. The variable polarization 
means that each object with p >15 will have a duty cycle ci time 
MAX 
when the polarization is less, then 15 %. The most comprehensive 
optical monitoring is that by Angel et al. (1978). Of the 241 ob- 
servations of objects with 
UMAX > 
15 %1 90 (37 %) individual measurements 
had p > 15 %. A substantial duty cycle at high polarizations is also 
seen in the infrared data from Part I. In 22 observations of objects 
with (PMAX)TE 
15%, 
15 (68%) were at levels greater than 15%. The 
completeness is also affected by image pairing statistics of the 
PQV candidates, which introduces a factor of (0.969) (0.999) (0.989) _ 
0.96. Finally, there is a term due to the proportion of EL Lac 
objects rejected by only including stellar or very compact objects. 
This tern is 0.86. Combining these factors gives a co_;-pio:teness of 
40,13, which means that roughly 1 in 8 of the known BL .i .:: objects 
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could be detected photographically from one set of laces. The 
numb'.:... of plates used in this study should bersgarded_ as the bare 
minimum; increasing the number of plates has two important effects. 
More complete polarization sets at one epoch v u1d. allow the polar - 
izati :e detection limit to be lowered, and se': = of plates at severL'.l 
different epochs would increase the completeness of the survey. 
More c bservetic- _ also increase the rel:_ .bility of each candidate 
found. 
9.3.4 BI, Lac Objects and QSOs 
The surface density of QSOs has been estimated from samples 
selected by ultraviolet excess and by the presence of strong 
emission lines. Braceesi et al,, (1980) have summarized number- 
magnitude counts of UV- excess quasars and find a steep increase of 
a factor Of 7.3 per magnitude interval. The integrated counts 
down to B = 19 give a surface density '.,4 (sq. de ,) 
1. 
Searches 
for UV-excess quasars are biassed towards low- redshiit objects. 
Low dispersion slitless spectroscopy has begun to produce large 
nui t ors of QSOs, and recent samples bave been compared by yaucher 
and Weedman (1980) . The differential number counts seem te be 
less steep than for the UV- excess objects, and the surface density 
down to B = 19 is in the range 2-4 (sq.deg,) -J . Emission -line QSO 
surveys-suffer from their own selection effects, and arc biassed 
towards high redshift QSi s. As previously mentioned, there is only 
one optically selected quasar with substantial polarization, and the 
emission mechanism in that source may not be synchroton radiation. 
The result nBL _ 0.25n. 
0 
implies that if only one of the BL Lac 
QS 
candidates is confirmed, there will be evidence for a new class of 
extragalactic object.. 
Usher (1978) and Usher and l`i tchell (1978) have selected QSOs 
by criteria of bluenees and variability in two fields, using plats 
with a time coverage of 23 years. Cumulative number counts yield 
a lower limit en th surface density of variable QSOs down to an 
average magnitude of B = 19): >l(sq.deg) -1 Given the higher vari- 
ability detection threshold of the Usher sample AV > 0.4 compared to 
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£,V > 0,3 in this study), it appears that the surface density of 
objects selected by polarizatior3 is less then the surface density 
of variable objects, For a X2 probability of detecting variabili 
of >977, and a vcar-i _ability signal-to-noise of >3, these studies by Sher 
achieved a CO% success rate in identifying quasars. IP. common 
with the U`:''-excee.. and emission line samples, the variable QS0 
increase rapidly at a rete of tiG per n gnitude interval QSOs 
selected by variability are more likely to be related to BL Lac 
objects then those selected by colour or ev ssion.lines, because 
of the good correlation between polarization and variability. 
The radio detection rate for variable QE;s_' is even lower than the 
detection rate for emission line QSOs, though the most variable 
QSOs are more likely to be detectable at radio wavelengths (Condon 
et al. , 1980; Smith & Wright, 1980) . Unfortunately, the colour 
selection (U -V) < -0.4 selects against nest OVV quasars and BL Lac 
objects, so the variability sample may not be probing the same 
population as this polarization sample. 
Finally, it is possible to relate the surface density limit to 
current ideas of the relationship between QSO`s and BL Lac objects. 
Blandford and Fees (1978) have proposed that BL Lac objects are 
active nuclei where the continuu. m emission is beamed towards the 
observer, Whether an object is a QS0, OVV quasar or BL Lac object 
depends precisely on the line of sight with respect to the 'jet' 
axis. If the emitting region has a bulk relativistic factor r, 
the apparent luminosity for an observer in the emission cone is in- 
creased by r2. It is already clear from the infrared data in 
Part I that relativistic motion is required to reduce the energy 
requirements of individual objects. However, the idea of Blindford 
and Fees has important statistical consequences, In_ searches to 
a giv e, flux density, BL Lac objects need not be rare compared to 
QSOs. If active nuclei have a luminosity function n(L)aL 
-5 
and 
the luminosity of BL Lacs is enhanced by r2, then the proportion of 
BL La.c: objects to QSOs in samples to a given flux limit will increase 
both with s and T. This is because the sample. proii_:s deeper into 
the luminosity function of those objects with a special orientatice 
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(i.e, strong selection effect in favour of seeing BL Lac objects 
among active nuclei of a given luminosity) , 
By integrating the luminosity function, it is straightforward 
to show tin3t the expected ratio of BL Lac objects to ti?SC's is, 
n 
eS0 nr} r,-2(5-1) 
nP:, 9 
. (9,18) 
Inverting that argument, the observed upper limit on the 
surface density of BL Lac objects can be used to put an upper limit 
on F. Two parameters Lust be used. The increase in QSO numbers 
is a factor of order 6 per magnitude interval which corresponds to 
s = 2,5, (2 /4iî) is the probability of an orientation down the 
jet axis; from radio source jets the typical observed opening angle 









5 (sq, deg,) -]. gives substituting  es r < 2, d , 
Therefore the BL Lac abjects are constraThed te be only mildly re- 
lativistic, and this does not account for the few sources which 
require r = 5-10 to avoid super -- Eddington luminosities and enormous 
synchrotron magnetic fields. Note that if none of the candidate BL 
Lacs is confirmed, the upper limit on n. 
L 
is decreased by an order 
ß 
of magnitude and the bulk motion limit becomes r < 1,3, at which 
point the orientation model of Blandford aal Rees has severe diffi- 
culties in accounting for the most luminous BL Lac objects. The 
major uncertainty in this limit is the relative completeness of the 
QS0 and BL Lac seam:: techniques. The weight of these arguments 
can be increased by widening the search area substantially beyond 
10 square degrcnü, Since the calibration, reduction and candidate 
selection are based on automated machine measurement and tested soft - 
ware, there is no reason that the saine technique should not be 
applied to many Schmidt fields, Either way, the polarization survey 
puts significant limits on the space density of BL Lac objects. If 
<r. ï !lr tel.: 0%! f,¡. -... ... CCía T '.7 ".- =:rf .. 
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radio quiet population of polarized o:; j;c'ts, If none is confirmed, 
then limits are put on the models wlzzch relate SL Lac objects to 




PairiNr Statics for Polariqation Plates 
Plate Angle No.of Images 
(A > 1:0) 
Jo 
Paired 
Ma.. limit for 
Pairing 
P *X5742 0 
0 














16,399 . 99,9 









Correct io- far Field Effect J < IG> 
fom After 
m a1 n2 a RYE' a a1 a a 
X5742/X5744 
(o° vs. 900) 
-3.83 8,23 -0.31 0,01 0,218 18,05 -1,76 0.11 e.179 
X5743/X745 
(ªa°v s.lS50 ) 
9,71 -0.77 0,07 - 0.148 -0,e1 0.99 - 0.111 
X4604/X4902 -0.50 I.os - 0,0922 -0,78 1,08 - 0.0573 
(90 ° 8.0°) . 
X490 4/X5744 -0.65 0.93 - - 0.I4a -0.70 0,9e - 0.106 
(VAR) 
Data covers entire program 2ee4.on corr cotee by 20 x 20 smoothed array, 
a , aî, a a G&a arc the coefficients i& the polynomial: 
.2 3 
m =a + aIn + _ + s E 
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TA1.L1' 9.. 













X iII'; a G 
Sub 1 0.259 1.74 0.54 0.109 1.50 0.183 
Sub 2 0.260 1.67 0.252 0.199 1.63 0.124, 
Sub 3 0.269 1.41 0.257 0.190 1.38 0.175 
Sub 4 0 ,204: 1.89 0.253 0.213 1.3 0.194 
Sub 5 0.261 1.43 0.256 0.195 1.07 0.181 
Sub 6 0.254 1.44 0.248 0.204 1.56 0.188 
Sub 7 0.267 1.38 0.2:i3 0.205 1.48 0.182 
Sub 8 0.245 1.48 0.242 0.203 1.43 0.195 
Sub 9 0.244 1.71 0.240 0.212 1.59 0.182 
cG = 0.97 0F °G = 0.92 csF 
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TABLE 9.4 
"Cr Set Resiczu^1 :Oietribi''.;ior_s , 
} 
F F;',r 
( } ?.. 







Sub i 0.246 0.194 2.07 0.69 0.1:34 
Sub 2 0®201 0.169 3.85 0.82 0.139 
Sub 3 0.176 0,159 1.75 0.73 0.116 
Sub 4 0.189 0.177 1.68 0.70 0.124 
Sub 5 0.193 0.177 2.24 0.74 0.131 
Sub 6 0.169 0.160 2.29 0.73 0.125 
Sub 7 0.187 0.165 ).a, 0.63 0.101 
Sub 8 0.188 0.158 1.70 0.74 0_117 
Sub (1 0.194 0.155 2,12 0 . 74 0,115 
= 0.73 c 
G r 
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1ABi,T' 9 5 








(0,) o,c)Cor.r crG 
Sub i 0.195 0.155 0,75 0.68 0.105 
Sub 2 0.183. 0.173. 1.88 0.71 0.123 
Sub 0.177 0.159 0.85 0.61 0.097 
Sub 4 0.3.59 0.153 0.98 0.63 0.093 
Sub 5 0.140 0.143 1.36 0.79 0.113 
Sub 6 0.183. 0.169 0.34 0.60 0.101 
Sub 7 0.164 0.138 0.53 0.64 0.088 
Sub 8 0.151 0.142 1.51 0.53 0,075 
Sub 9 0.195 0.144 0.61 0.65 0.094 
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X5742/X5744 BEFORE correction. 
| _|_ ! | 
. 
/ 
a) Residual contours 
(iuterrel=0,02 mag) 
H : high, ci++ve 
L : low , cï+-ve 
-- b) Residual Histogr 
(o=O.818 mag) 
7 
-20 -/a u 1-T o 2o 50 
-359- 




-+a -30 -zm -/m w 10 20 30 ia 
c) Residual Contours 
(iotnrvul=0.02 mag) 
d) Residual Histogram 
("10.0^^ -1 ) 
(G=0.I79 mag) 
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o'rcP"HL .20^ec o 
Figure 9.2 X5743/X5745 BEFORE correction. 
*~.: 1 
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b) Residual Bistogre 
-3OI- 











-5 -4 -3 -2 -1 0 1 2 3 1 5 
c) Residual Contours 
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0=0.lII mag) 
Figure 9.3 X4902/X4904 BEFORE correction. 
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Figure 9.3 
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X4902/X4904 AFTER correction. 
( °1n.v°" o ) 
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Figure 9.4 X4904/X5744 AFTER correction. 
I I 1 
aF 
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Figure 9.5 X5742/X5744 AFTER correction (Sub 1). 
a) Residual Histogram 
showing data (dashed) and 
fitted Gaussian (solid). 
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Figure-9.5 X5743/X5745 AFTER correction (Sub 1). 
c) Residual Histgram 
showing data (dashed) and 
fitted Gausssian (solid). 
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Figure 9.6 'COSMOS Magnitudes (Sub 1) . 
(A10.2-# -1 ) 





+ ++ F;.r*, 
+yl + + $jF...:,: 
+ 
+ + t}.: + 








+ +{}r; r` 
4r 









a) X5742/X574.4 (Q') 
3150 points plotted in 
the range 16 <J <19.3. 
b) X5743/X5745 (U') 
3150 points plotted in 
- the range 16 <J <19.3. 
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images. 
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POLARIZATION (x10.01A 0 ) 
Figure X5742-5 (Sub 1). 
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a) Polarization Histc,w2a 
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lie beyond p=20%. 
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o) Normalized Stokes 
parameters Q and U. 
Contours of constant 
polarization ur, circles 
of radius p in the Q-U 
plane. 
d) Polarization Histogram. 
Solid curve shows all images 
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Figure 9.9 c) Palomar "0" plates and d) Palomar "E" plates. 
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CONCLyIu I ONS 
17 BL Lac objects have been observed in the near infrared.. 
Polarimetry was obtained for 13 of the sample, and all the obser- 
vations were made in the J, H and K wavebands. BL Lac objects 
have an enormous range of infrared luminosity. Some are similar 
to r_or;cal elliptical galaxies, while the non -thermal flux in others 
ranks them among the Most luminous extragalactic objects known. 
The typical infrared excess for the sample indicates that most of 
the energy is emitted at wavelengths longer than lux. High and 
variable linear polarization is a common characteristic, with 
variations in both flux and degree of polarization occurring on a 
timescale of one day. 9 of the sample have.been monitored over 
a period of months, and there are many examples of large changes 
in polarization, position angle and flux on longer tir*escales`. 
Two BL Lacs (AO 0235 +164, 0735 +178) show wavelength dependent polar - 
ization, with the degree of polarization increasing towards shorter 
wavelengths. Systematic position angle rotations with time and 
wavelength are seen in two objects (AO 0235 +178, OJ 287). The 
relationship between flux and polarization changes divides the 
sample into those where the changes are correlated and those where 
the changes appear unrelated. There is also evidence for a cor- 
relation between infrared excess, degree of polarization and ampli- 
tude of variability. In terms of all three properties, BL Lac 
objects are more extreme than any other active nuclei. 
The range of infrared luminosities can be explained by a 
supermassive rotating magnetoid, possibly a black hole, accreting 
material with a high efficiency of energy conversion. Even these 
theories are taxed by the most luminous EL Lac objects, where the 
variability timescale and infrared flux define a very high energy 
density. Assuring isotropic emission, three of the sample exceed 
the Eddington limit. Schemes for generating super -Eddington 
luminosities exist, but it is likely that there is bulk relativistic 
motion of the emitting region towards the observer in some BL Lac 
objects, which reduces the demands on the power source. The severe 
energy densities derived here are probably underestimates for two 
reasons. First, the observations were constrained not to probe 
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variability timescales shorter than one day, and most of 1±e sample 
have shown evidence for intraday variability. Second, the near 
infrared spectral indices indicate that the energy output of }JL Lac 
objects is grew'.:; st at longer infrared wavelengths. 
The infrared flux from FL Lac objects is presumed to be in- 
coherent synchrotron emission because of its high polarization, 
power law spectral slope and continuity with the radio observations. 
Appreciable Compton scattering can be ruled out by the low X -ray 
flux limits. If synchrotron losses dominate, the energy loss tir!e 
for relativistic electrons is less than the travel time across the 
source in all objects (where the redshift is known). Peacceler- 
a.tion within the emitting volume is inevitable. For the three most 
luminous BL Lacs, equipartition fields >1000 Gauss are inferred. 
Polarization properties can also be used to understand the emitting 
electrons. The existence of high polarization rules out the 
presence of a significant amount of thermal plasma in the source or 
alorg the line-of-sight. Differential Faraday rotation in OJ 287 
is used to put a limit on the ratio of relativistic to non- 
relativistic electrons in the source. Neither example of wave- 
length dependent polarization ia due to dilution by an underlying 
galaxy; in both cases p(a) is intrinsic to the non -thermal source. 
Spectral curvature is not responsible for p(X) in either case, and 
separate populations of synchrotron -emitting electrons nay be com- 
bining to produce the effect. 
Simple polarization models can be used to mimic the behaviour 
of PI' Lac objects. 0725 +178 and OJ 287 have correlated inter - 
night changes in polarized and unp :i arized flux which can be under- 
stood as two non -thermal components: one variable and polarized 
and the other quiescent, but both of roughly equal luminosity. The 
night -to- night variations depend. on the admixture of uniform and 
isotropic fields in the source. The rest of the objects can be 
modelled with a non -isotropic geometry and various radial depend- 
ences of magnetic fie' strength. To produce high polarizations 
(p > 30%), most of the flux must cone from a fraction of the emitting 
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volume (hot spots), and the polarization changes are caused by 
restructuring the magnetic field. The changing field strength 
is characterized by a field alignment parameter. Although it 
cannot account for p(X) over a short wavelength range, changes in 
the alignment parameter of a factor of rk,4 are sufficient to explain 
the observed polarization variability. 
It is possible that a strong shock in the environment of the 
power source can both align the magnetic field and accelerate 
electrons up to the requisite power law energy spectrum. Once 
again the high energies and short synchrotron cooling times of the 
electrons are a problem. The electrons must be accelerated. in a 
turbulence -dominated region and by definition radiate in a magnetically- 
dominated region to generate a high degree of polarization. The 
acceleration may either be impulsive up to high energy or it may 
take place in a thin post-shock shell. It is interesting to make 
the link between these ideas and the observations (Willis, 1976; 
Högbom, 1979; Perley et al., 1980; Willis R; Strom, 1978; Laing, 
1980b) and models (Swinbank, 1980; Laing, 1980a) of jets and 'hot 
spots' in radio galaxies. Similar structure in BL Lac objects 
can best be investigated by polarization studies. 
In the second part of this work, a radio -independent search 
for BL Lac objects was carried out using a Polaroid filter on the 
UK Schmidt telescope. With this technique; large areas of sky 
0,10 square degrees) can be searched down to a faint limiting 
maw `:ude (B ti 19) . The efficacy of the technique depends on 
reducing the photometric scatter of the majority of the field stars 
and filtering out plate flaws, mismatches, double images and galaxies 
from the polarization candidates. The selection of candidates in- 
volves eight plates combined into sets for detecting both polari- 
zation and variability. The photometric calibration was done 
with a photoelectric sequence and a photographic extension down to 
B ti 19.3 using sub-beam prism plates, The mean accuracy at the faint 
end is 0.1 magnitudes. 
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By using an internal pola.rimc trie calibration and 'local' 
transforr:ayions between small areas of the plates, a polar?..sation 
detectioan. limit of 15% is possible. Each candidate object is 
assigned a significance value by modelling; the error distribution 
between measurements on two plates by a Gaussian. The signifi- 
cance incorporates four separate deviations, and a candidate is 
selected by appearing siultaneously on two polarization lists 
and one variability list. A star /galaxy separation algorithm 
(calculated from the original machine measurement but checked by 
eye) is used to produce a final list. Further polariretry, 
photometry and spectroscopy are needed to confirm any of the can- 
didates as BL Lac objects; but the search gives an upper limit 
of nDL ( 1 
^l 
< sg.deg.j at a level p > 15% down to P. ti 19.3, ;None 
of the candidates is a strong radio source, so if one is confirmed 
to be polarized it will be the first known example of a radio 
quiet BL Lac object. The space density of. BL Lac objects can be 
related to the space density of quasars and-other active nuclei. 
-3.82- 
APPF_'PI;)iX A 
This Appendix derives the matrix elements. for all the components 
used in the light path of the telescope- pclarimeteer combination. 
(i) Analyzer at angle 
polarizer. 
(-1 o o 
o c -s 
{P} _ 0 s e 
0 O 0 
{P }_. 
with respect to reference 
o\ /1 1 o 0 
0 
! 
[ 1 1 0 0 
0 I 
1 
O O 0 C? 
l 
1) \O 0 0 c 
1 c s 0\ 
e c cs 0 
s se s2 0 
! 






frame - perfect 
o o o) 
e s o 
-s e O 
0 0 1. 
c = cos 20 
s = sin 20 
(Al) 
(ii) Analyzer at angle ¢ with respect to reference frame - partial 
polarizer. l o Q 0 a b O 0\\ 
f 
1 0 0 
c -s .. 
0 
0  0 h 0 0 
' 
O c s 0 
! 0 c O r; O e 0 C) - 
\\.0 O C- 0 O O e¡ \0 O 0 1 
a be bs 0\ where: 
{13'1 =? bc ac2+es2 (a. e)sc 
O a= Kl+Y2. 
bs (a.-e)sc as2+ec° O b = K 1-I.2 
0 0 0 e e = 1412-b2 
(A2) 
c = cos 20 
s= sin 20 
(iii) I?ichroic at angle e with respect to reference frame -- retarder 
{r} 
1 0 0 0 O O 0 i1 o O 0; ':i 
I 
o c -s i o 1 o o I 0 e s 0 1 
E 
c> s c :: o c c -s c c 


















where C = cos 2a 
r _ sin 2a 
C _ c:7::; S 
S = sin d ( r v ) 
(iv) DiCh1() C at angle- C with :: ;pect to reference Irene - pa.rtial 
pola:rizor and retarde-,.- (no axsgle between principle axes of polar - 
izance and retarclance) 
From, (A2) and (A3) , 
w 1 
{R1 _ I {P'} = 
o CI 
{p} __ {F}{p'} _ {P'}{YI} 
Il c o c 
I 0 .. - s 0 
i { ,, } - 
0 s e ^ I 































c = cos 2a 
be ac +us (a-U). C -vs S= sin 2CL 
bs (a°11)sC as Ñ ?liC ? VC Li = e cos d 
ec vs -t+C. ll. D= e sin S 
(y) ich. -;;.c at angle a with respect to reference frame - partial 
polariser and retarder (polarize, and retarder axes separately 
by angle c_a) 
{p} = {t;' } {p' } {s } {U,'} {j?} {ci} 
(A4) 
0\ be bs O\\ 
n 2 n i4 
0 c. +Cs (I-C)s -sÚ i Lic ac -t-es (a-e). ̂  C' 
{601 - I < 2 (1-á)a C s +CC cr. bz ' ( a-e:)sC Es +ec 0 í 
sS --Cr C 1 1\0 o o e) 
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Micro c = cos 20 C = cos 6 
s = S C : S = sin 6 
c '=" co, tT, u = eS 
s = sin 2 v= eC 
{D) 
a be bs 0 
i b (e'CA-Cs 'El) ( ace'-feess.')C- f'.cs "--esc")S (ac's-eCs'c)C+(ecc--t-aCss")S -vs' 
I 
(as 'c-eCc's)C-(aCcoTh-ess -.)S (ass "1-e Coe ".) C-I- (es c 
. . 
-aCs c)S VC 
i 
O vs -VC u i \ 
(A5) 
where C = cos(a-t;) 
S = 
Note that vhen a = (A5) reduces to (Ad.). 
(v) Two analyzers perfect (one at angle ct,the other at angle r). 
{P.:}fP8) = 
1 s O\ whe:re c = cos 2o 
9 
es C CS O S = sin 2o. 
2 se s 0 
s 
sc s 2 () c COS 
,0 o o = sin 28 






(a) If a = 3 Pun = Py pp, 
(b) If a = + 90° Pan = 
(A3) 
(vi) Two analyzers - partial polarizerF; (one at angle a, the other at 
an17-:le 
(a bn bs 0\ (a bc bs 0\ 
ac, 1-es 
,. r, <-, 4 4 (a-c)sc O 11 bf.: ac +es (a-e)sc 0 -1-.Pa'}fPr) = il- bc 
2 2 2 2 (n-e)s c ns 4<!c. 0 !I b.f.., ( a-e) 11S q-CC »c. O 
\u \() ' 1 / 1 ,  O o rs ei .. 0 o oi 
where C = cos 2(0.-P) 








(a) If = 
cp a } {F, ) = 
ni) c ( 1-1-C)-07,9 
., , 











4- b 2abc 2,abs o 
2a.c e 
2 
b O o 
2a.bs O e O 
\- O O e 
abs (1+0) 4-eb cS 0\ 
0 
2 
-1-a s sCi-e 
2 
ccC+ ae S2 C 
0 e 
2 
IT e = 0, 
a = b = 1 
4- Pan ' Pa = 
























= 0 , 
b = 
P F,' O 
(vii) Analyzer, followed by dichroic {P) perfect polarize 




























C V3 -VC L \ 
where = cos 2a a,mcl define C = cos 2(0 -a) 
s = sin 2 s = sin 2(0 -a) 























(viii) Ana1yze:7T, f ollowed by dig {P') partial polarizer 
{D} partial polarizer and 
retarder 




1 i be ac ±u. (a-u)sc -vs 1 I be ac es (a-e)FC 0  - - 
'CD} {P } = il- 2-P 2 1 2 2 
b fl ( a-tl.) se asuc ve bs (a-e)se as +ec 0 




bs a+b ( as C÷ ucE ) bsbc+asace-ueeE.10+ucacS-faL3esS 
-bvS v(es(2-acS) 
abs4-b ( ar:4O-ecS) 




Note that when e O and b = = (A9) :1-educes, to (A2),, 
(A9 ) 
Dichrole, followed by analyzer - {P} perfect pols:rizer 
{D} partial polarizer and retarder 
1P){0 - 
O 
C C7 he aa +us ( a-u) se -v; \ 
e s 0\ f a 
, 






2 se s - bs (a-u)sc as''-s-tzt-, 
C va --Jr; u 
where e = cos 2a 
r: 
= cor 255 
s sin 
al-be b c-1- acC-tv:S bs+ssC+ucS viS \ 
{P.} { D) = -41 c(a+bC) c(bc-i-acC-usS) c(bs-FasC7-1-uf2.F) veS 
(--- 
s(a-vbC) s(bc+a,c-C-usS) s(bs + 1,3 C-FucE.: vs S 
0 0 o 0 
where C cos 2(0-0.) 
= sin 2(0-ct) 
( A 0 ) 
(x) Dichroic, followed by analyzer - {P`) partial polariz,r-Tr 
{D) partial polarizer and retarder 
{P'}{0 
fa - bc _....._ b.. 
(b 
e ae 2 +ea 2 (a-c)sc 
2 2, bs (2-L:..) s c as +ac 
0 O O 
b ca+b(acC+esE) 
1 
( ase-ecS) - 
k% 
0 
a be bs 
'cc ae 2+us2 (a-u)se -vs 
bs ( a-u) se as 2-1-uc 2 ve 
o VS -VC 
(acO-us) 
b ac e s us C-i-e s cS-- acus S 
bsbc-i-ssacC-ecusC-eoaeS-asusS 
evs 
abs+b(asGfucS) bvS .... ..... 
bcbs+anasC-e.ii-C-1--,-to-S+^-1.--c v(acc. 
- I 
b;.,:lbs+asasC+ecucC+esasS--fasucS v(r3sS+ece) 1 
-i-]Irc eu i ..._ 
(All) 
Note that when e = O and b r a 1, (All) reue s to (A.10). 
ReTerJ-:)Ici-s 
Clarke, I% Cra.inger, J.F. (1971) . Pola:cl.zod Light DD. d Optical 
reasurcont (Fe:Iv-Iron Px-ess), 
K. (197-f1). Planet:; fit17,Ts 'rì Ft1.2dicd. Photn- 
a 1i t::v, ed. T. Arlzon a), 12;:i. 
In this Appendix, the intensity outnut of all the polarinetc- 
conflurations is calculsted The 0.,rivation cover reasureen of 
unpolarized standards, stars of known peThrization and cro:,;sed 
Polaroid tests in two situtions with the rotating snalyzer before 










T P 1) 




Q* 1 = {D){p}{T} 1 (-) 
I 
; u* 1 o i 
. t 1 
1 
\o, /
Using (A8) and (A2), 
S - unpolarized star 
P - perfect polarizer 
D - partial polarizer 
and retarder 
a+b0 s(a+bC) 0 
bc+acC-usS c(bc+acC-usS) s (bc+acC-usS) 
U* j bs+ asC-t- ucS c(bs-3.-asC-i-ucS) s (bs+ase+ucS) O 
V* -vS c(-v) s(-vS) 0/ 
a. b 'c' b's' 
k 
9 , 
b'c a'c'--1-e's' (a--e')s'c.' 0 
x ,) 
b's' (a'-e')s'c' a's-i-e 0 1 0 1 'c'- 
0 0 0 4 \ 0/ 
where c = cos 2e 
s = sin 2e 
c = ces 2p 
s = sin 20 
C = cos 2(0-0 
S = sin 2(0-a) 
c' = cos 2w 




where r b/a and S = b'/a"% The photometer cage is then rotated 
by 90° and another m,aasurement tì: no In this case cos 
-* cos 2(P-w) giving 
cos 2(P-a))(1 VC05 2(0-)) 
aa- 













S - unpolarized star 
P' - partial polarizr 
D - partial polaizer 
and retarder 
(B3) 







S - unpolarized star 
P - partial polarize 
D - partial polariser 
and retarder 
Using (A;s) and (A2), 
where e = cos 2o, 
s = sin 2a 
C = cos 2(0-a) 
S = sin 2(0-a) 
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ab c+1) ( a cC- us F! ) s +1) ( as C+ u cS ) hvS \ 
bc 
bs 
c = cos 20" 
s = sin 20" 
81* ---- = (i+flpc;+P, [(pc+pcc-yssp)cos20"±(s+rsC-1-"YeSPOsin20.1 
a aI 
= (1±f3ficos2(0"-a))+8(8-1-ncos2(0"-a))cos2(0-a)-1-y(?, 2 sin2(0"-a)sin2(0-a) 
(134) 
where = b/a, b/r.4 
and y = u/a = 17.-:7-cos 6 
(iv) S - unpolariy;ed sta 
ri 
1)". - partial po1ari.7.cr 
Li 
D - partial polarier 
and retarder 
p' 
F(a) W3') fi(95) 
( - {P-1{P-1{D} ° 
o 
i 0/ 
Usina (All) end (A2), 
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n bs 0 \ 
2. 
be ac2 +es 2 (:.;.:)5 
- 
b,5 (-)se a.s1-e(..2 O I 
O O O oj 
Kr* 
a 2 al 
ho (2cf..;-csrr.) 
O- 
where e = cos 22 . 
s = sin 20 
c = cos 20- 
s = sin 20' 
csC+ucS) -bvS 
C = cos 2(p-a) 
S sin 2(0--ci.) 
= (1-1-(3FIC)-l-fikf3c+cC-ysSOcosP0-1-(Rs+PsC+yeS)sin0] 
= (1+cos.2(9r"-e.))+,-?-}-P,cos2(91--a))cos2(fs',"-91)+yrisin2(0."-(1)sin.2(ç",'-p) 
whore 13 = b/a, = bla 
and y = u/a, /11.- 2 cos 13 
O - polarized object, 
1)(0) 
- partial pclarizer 
- partial polnrizo7 
and retarder 
where Q = p cop ne 




_ s-i-b(lifp-ecF) 0 \I if abc-b(nrO-t ab 
where c = c(x.. 20 
s = sin 23 
C = cos 2(93-a) 
s = sin 20-0 
c = cos 20 
s = in 2e 
= (.1.4-._C)+p cos2e± s-i-s0-1/1-e 2 c$13) sin20] aaT _ 
(vi) 
(0-0) )-1-(3(fl+pcos2(0-0) ) cos2 (0-0 
v/i.-_.2p s.ir.2(0-0)s.in2(0-a) 
where 13 b/a, = b/a 
and e/a = 
o* 
f3(a) fl(0) 
o - polarized object, 
p(0) 
- partial polarizer 
D - partial polarizer 
and retarder 
I\ 
= T {))3 
where Q = p cos 20, ' Q 











whore c = cos 2e 
s = sir 2e 
C = cos 2(p-o) 
S = sin 2(0-a) 
e = cos 26 
s = sin 20 
(1-1-fif,C)-1-p[Oc-Ff;cC-ysSP.,)cosn0+(f):s+0sC-i-yeSP,)sin20] 
= (14-ft2cos2(0-0)+(i(0-4-pcos2(0-a))30s2(0-a)±yrrisin2(0-a)sin2(0-a) (B7) 
where = b/a, f3 = b/a 











l''' D P' 
far") 13(r) rS(a) 0(0) 
Using (A7) and (All), 
B unpolarized source 
P'- partial polarizar 
- partial polarizer and 
retarder 
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1 . :-; ( 3.+C)-ebcE 
o 
C' cos2(p--p"), s" = sin.2(p--0""), C = cos2(r,-J-a) 
= sir_2(91-ci.) c = co. F;25"-.`, s = sin" , c"= cos20,, 
s = sin2a, 
a) If p" = p', s- = o 
16I* --- = (1.-1-13)-F2P, S(P, c+P)ce-ysS 0 cos2r+ Os-i-P.,sC+Y cSf3)sin2p ' I 
a 
3ai 
= (1+2neos2(r a) ).i-r( PA-2[3c.os2 (r."-ci.)) cos2 (P-0) 
033) 
+ 2'y (r"-a) sin2 (F.-a) (B9) 
b) If p"- = ç:-±9o° c" o 
-1-. 11:  = (1.+F)8C) (1-e) ; 161* - .1.-0 cc;s52, (91-a) 7 ,-- 




- - - - - - 
The coefficients of the least squa7s:es fit to the instrur.,ental 
test scrl: are derived, and from them the 21 instrumental parameters 





2(0-a)+ sin2(0-ft)) and the coefficients fitted ara 
2 
A. and. 
(i) Assume a perfect analyzer. This assumption. is accurate to 
<0.1% in the J and H wavebands. Using (B2), 
1m (14-3eos2(0-a))(14-3decs2(0-w)) (B1) 
1m - (14,--e-ces2(a-w))..1-(3eos2a4-3"cos2w)ces20 
2 
4-(3sin2a+3'sin2w)sin2w 
Fit t.Us function by 1(0) = 14A2cos20-4-B 
2 
sin35, 




1 .4-'----- co s2 (0.-w) 
2 - 2 
It is known that 3, < 1 and 3'« 1, therefore W/2 « 1. For photo- 
meter cage in first position, 
(1) (1) 
A = 3cos2a4-3'cos2w B 
2 = PsinaWsin2w (02) 
Rotating by 90 0, w -rw ± 90°, 
A2 = 3c0s2a- reos2w , 13 (2) = esin2a-3'sin2w 
2 
Therefore, 





= are!tan-D(2))/( A(1)-A(2))1, 
For a partial polarizor neasurod in the 17 waveband, thE. 
appropriate equation is (n6) with p roplamd by V and e replaced 
by.w, 






It can be seen that if P, = l, (C6) reduces to (Bl). 
(ii) For either the {F'}{DI or fD}iPl. configuration, from (Be), 
I() = 1-0,5cos2acos2sin2u,sin20 (C7) 








D = rAsin2u 2 (U) 
= )116-D2a (Cr,I) 
2 2 -J9119K 
ujou, = arcten (132/A2) (CIO) 
(iii) Fren (134), 















(j) I 2q rj-0.140UAX sT111- ;TS 
og (ogI,) TeAxeftuT Ju c 61, 4o 




'01-7 pus uT 0!:Tpuedx.a 
(9a) ao.T. a (A) 
r, 
g 
= (n.-,0)-zuTs eaq,y1 tint tTzgal ([-co) sy 
4 -4 2- 
= C6VP-00---0) soo ciJ1 T- Co-,0)gsoog 
g 
4s.xoToas-cu 














(n-. ( ,. -". , .7-: 1: .i- 611 6 Ti 4 116 r.A. 
z ( 
(?.-; 
-,. 0) '..'.)':;-1-rJ ) - if 
--2.6C- 
R(ncus',. `+Poo"',":;m) 8(na1n2S+F.,eio%o) 
=-------------'--- o =----------------'- --- 
2 ` % 
l 
ßu(I+ --)uos2(u-ú) 
14-'-(1-P, ß/-8 ) cos (u-8) 
~ ^ __ 
8 cos 2u=G 
p sin 20= p2 O sin. 2u=8 
ß{ +ß ) -- 1 I
2 
- 
1-1-If 5I +p ' ) 
l 
2 
(3[p +F ) 2 2 uâ = -- 
l+n{p Il^2Q 





A -8 8 ---(á 8 -D B ) B -O 8 - ----(8 8 -á_O > 2 ]' 2 9 l 2 - 2 I = 
p (l) l Q - --(D á 8 }) (---(8 ß 8 +& 0 ) -- D + 2 l -- C 2 2 Q l 
Therefore , 
P = -).":1 vp 
I D 
8 = urct (p /D 




8(B+-000s2(8-n) ) ro8oio2(E-c) 
=--------------- ' B = (C22) 






J,11 1)8s:1;112( a) 
(C8:7:.) 
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Let pc= pcos 2(0-u.), 
p2 = psln 2(0-c) 
A -fi0 B2(1-02) 2 - 
p p = 
Hence, T.:, 4- 
1 '2 
0 = s rctan 
(vii) From (6)), 
Po/P1) ± a 
I (0) = (li2Ucos2(0'-a))+W-1-2(1cos2 p--(1))cos2(0-c) 
+ 2y n 
2 
sinn (o'-a) sAn2(0-a) 




A = , 
2 (1+2 (31S COS 2 -c.ti) 








YJ,H,K. -\A2 20sin2(0'-u) 







The dichroic mirror used in these observations was manufactured 
by OCLI Laboratory Inc. with the specification of reflecting infra- 
red radiation lengware of 1pm and transmitting visible light to tLe 
T.V. System. Such a device is conventionally called a "hot mirror". 
The dichroic consists of a glass substrate vacuum deposited with 
20nm of Silver and. then coated with an optical anti-reflection 
coatiee, The nechanien of interest is therefore metallic reflection° 
In general, electromagnetic radiation reflecting from a metal will 
suffer amplitude attenuation and. a relative phase change between the 
E vectors parallel aad perpendicular to the surface° These two 
quentities are similar to the partial polarizance and retardance 
introduced by the reflection, and the two parameters are highly sens- 
itive to the thickness and composition of the reflecting surface ond 
the frequency of the incident light. In façt, the whole field of 
Ellipsometry exists to probe the properties of thin films by their 
polarizing charaeteristics. There are extra complications because 
of the fact that the fil m. may not be uniform or pure. Visual in- 
spection of the UKIPT diehroic shows it to have a mottled appearance 
possibly caused by oxidation from thc.anti-reflection coating 
material. Imperfect as the dichroic is, it is important to have o. 
theoretical expectation of its properties as well as measuring them 
on the telescope. 
Electromagnetic radiation in a conductor propagates according 





where the two terms represent wove propagation and diffusion in the 
material° The attenuation of the transmitted wave generates Joule 
heating in the conductor. For a wove travelling in the z direction 




1-11 c,y n"!: .77tr.rzlity ef ined&Int InediUM 
is the danping 
a is the wave vector 
(D2) 
- 
and it can be sl-:,wn that, 
or 
9 iCT 
I; = o ev(1 + 
k a + (D4) 
The coplex refraetiv index indicates the attenuation of the 
wave. In eqa. (r4) , represents the damping constant or distan,;a 
into the material when the amplitude of the E vector falls by e 
-1 
, 
and a is the wave vector representing the phase velocity of the wave. 
(and semiconductors) have a lattice of fixed lens and plectrons 
and a freely circulating population of conduction electrons. Two 
assumptions can be made about the motion of these electrons under 
the application of an external field. First, the resonrnt frequency 
of the bound electrons lies fa:: into the ultraviolet so the re- 
fractive index for these electrons is near unity and their contri- 
bution to the dispersion relation can be ignored. Second, for a 
good conductor te conduction current is much larger than the dis- 









Substituting into (Da), 
Thus 
r -- 









Where d is the characteristic penetration distance of the wave 
into the conductor, known to electrical engineers as the "shin f;c,p.t;.". 
Since o,/`' '1, 1, the wave falls off to 0-1 of its initial i1.replitL'.d4.' in 
c. fa ... .:.on of a wavelength and can hardly be called a wave at al?. 
In the conductor, 
tan d= 1 ; d= Tr/4 (D9) 
Therefore E and E are out of phase .,Y. 45 
o 
, in contrast to a 
good dielectric or a vacou whc:Yi E and :á are in phase. At It iai.1 fro - 
quenci.:-;, co, o and e are functiono of frequency and this must be 
taken into account. 
The action of conduction in retals can be understood i11. ter,::_, 
of the sirple Prude model, which describes the way conduction electrons 
move under an applied electric field. The acceleration due to the 
field is balanced by collisions with lattice ions at a rate of v per 





d t = me 
f 
Solution o-f. (B10) gives a conductivity, 
o(w) = E9.2 
me e 
(ohm-r)-1 (P11) 
The low frequency behaviour shows that o is 
-1 
quency. For silver, v ti 3 x 
1013 
sec so the 
conductivity for frequencies below tit x 1012 Liz 
independent of fro- 
layer exhibits real 
, which is in the 
far infxa.rE'Cl. In the nee. infrared and visible regions, w » v 
giving 




( oha::-- a*) 
-1 
Inserting this into dispersion xelation. (D:.') , 
2 2 No 2 






where Lo = 
e 
o is the plasma freouency, and plays a role si;.11ar to the 
cutoff freciAcy for propagation in a waveguide. For silver, 
15 
o = 2.2 x Hz correSpondin to = 2.JC /w = 139nn. At 
P P 
freaneneies o > o , the retal transmit free waves without attem.atiocf 
wad acts like a transnrent dielectric rather than a mirror. in the 
range v << o < u (whch contains the near infrared/optical rerjon), 
the phase ccity v ' gees to infinity, the group velocity V = 
,(41/61: goes to zero ard waves do not propa2:ate. The wave is cut-off 
and the electric and magnetic fields decay eponentially with dit,tance 
from the surface; there is no energy transrdssion. In the third 
regime, w » V, the wave is damped but does have oscillatory co- 
ponent. Therefore, in the near infrared/optical bands, Drude ti ry 
Predicts no transmission of EI waves through silver and the actioa of 
the diehroic as a "hot mivzor" must be understood in terms of the 
thickness of the s7er coating (see Fig. D.1), 
In the optical/infrared regions, silver lies a D.C. corductivity 




For the wavlongths of interest, we 
can calculate the skin depth 6, and tabulate the ratio of skin depth 
to film thichnis (t)- and hence the proportion of light transmitt 
at that wavelength, 
A 6 6/t t/6 7(7,) 
0.5pr 2C 1: 1.0 1.0 0.36 
1.0pm 2m. 1.5 0.67 0.23 
2.03im 41rm 2.1 0.42 0.13 
3.0pm 55nr 2.5 0.40 0.02 
The intensity of transmitted radiation is detelrined by the 
amplitude of the exponentially decaying amplitude after a thickness 
t = 2Cmv of silver, As the wavelength of radiation incleases, the 
ratio of thickness to skin depth ircreases and the film behaves more 
and more like a perfect reflector, Over the Irnge of the . J, H 
K wavebands, the dichroic is 70.-80% efficient at reflecting the 
infrared rad.iation This reflectivity is sensitive to thickness 
, 
55CL, s3o thf:It very lj.ttl ..r2iaticn is refIcted by ch.. cicrcis 
-404- 
The reflection coefficients for waves incident on rc:til. :cfe 
given by 








k cos() -- k, co, Fa 
p klcosGi + 1:2c.,s0 
where U. e are incident and transmitted angles 
t 




As has been shown, k2 is complex therefore et will be complex. 
In addition to the Fresnel equation, Snell's Law defines a r l tion- 





The parallel (r 
s 
) and perpendicular (r ) components are therefore 
reflected with a phase. differenc between- then not generally equal to 
0 or r/2, given by 
iS 




= Ir e 
p 
and the intensity reflection coefficients are given by, 
P = r r * 
c P s:P ç ,P 
(D18) 
(119) 
If k0 is the refractive index of the incitent median, and kl = 
a + 1E% is the complex refractive index of the aeta.l, then 
(a- k1/ccsei)2 + < 
(D20) 
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and O. = /1!: . For Silver, u. = 0.177 and 3 = 20.65, confirming the 
approniration » a a good conductor (e 15893). These cas 




= 0.9963, P = 0.9001 :4- 3 p 
p in D R 
p 
+s (D22) 
However, the so-called. optical constants in fact vary with fre- 
quency, so for silver at 2.ow, a = 2.3 and f = 16,5. 
R - 0.9530, P = 0.9760 
p s 
f, := 0.012 = 1.2% 
in 
This is an estimate of the instrumental polarization due to the 
dichroic reflection. The position angle of this linear polarization 
is given by the corponent perpendicular to the plane of incidence, 
which corresponds tr; the F-V line on the dichroic as it is mounted in 
the telescope. Therefore, if the dithroic is chopping N-S, the 
position angle in the sky frame of reference will be, 
OE = 90 
o 
(D24) 
To calculate the third parameter, the retc.rdance, use Abels' 
method to define effective indices for the absorbing material, 
































!iin e /(a 44.1 )) (P30) 
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For the incident, dielectric meditm define 
15 





It 1c)11 ows that, 
11 1 -s 


























where a,b,c and d are defined by (D27)-(D00) wad eon. (D36) holds 
for non-noral incidence. (6 - Ss) can be estimated graphically to 
be ,LPO° (Fig. D.3). 
. y = cos(6 -6 ) 0.966 
p s 
(P 7) 
Equations (D23), (D24) and (D37) give expectation values for: the 
instrumental paramoters a and y assuming that the dichroic is a 
perfectly uniform dielectric-metal loyer on a glass substrate and 
assuming that the silver coating behaves like a vacuum-evaporated 
The parameters have been calculated for radiation at 2.0pm, but the 
dopendenc of (3. and y can he estimated. From (D4) ,a is 
in 
the wave vector of the oscillating port of the wave, and for shorter 
wavelengths a increases and f3 will incroase as calculated in (D2n) 
in 
Therefore, the instrumental polarization is expected. to increase to- 
wards shorter wavelengths. The metal behaves more like a dielectie 
at lower frequencies (i.e. a increasing corresponds to a/P, increasing 
, 6D 
/j increasing), therefore the deviation of the graph of 
St -- P s 
vs, 17:, 211 
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Therefe,:e y will decrene at shorter wavelengths but becneee of the 
contribution of n in equations (P27)-(D: y is only very wehly 
welength dependent from l-2 microns. 
The assumpticn that the retallic film is a uniform, unblemished 
layer of silver is lihely to be the fest serious deviation of this 
discussien from the properties of the actual dichroic. After a 
perioe of time in air, a thin oxide film 20-25 R. thick will grow on 
a Lsh aluminium. surface. Although the silver in this case is Pro- 
teeted by a dielectric anti-reflection coating, the degree of expon-re 
and. age of the dichroie material make it likely that an o:xlde layee' is 
responsible for the mottled appearance. The sirplest way to sto: an 
imperfect dichroic is to consider that surface blemishes will ma1-e the 
film behave less like a pure metal. Impurities in a conductor will 
lower the conductivity by providing irpedence to the passage of free 
electrons. The difference between the "perfect" and "real" dichroics 
can be modelled as a change in a, decreasing te u". 
From (D3) and. (D4), 
9 
= w-sp 1 + , k' = a -I- ir 
we 
where r < 8 
(038) 
In equations (D20), (1)21) as r/a decreases 8in increases. The 
dichroic acts more like a poor conductor and the 
rises because of the larger difference between R 
s 
y is relatively insensitive to changes in 8, but 






















inst rument pelarietien 
Once again, 
decreases slowly as 
45 0 , ao = 2.3 and 
To suEr:are, tho, diOiroic nil7ror can be codered to be an 
inport r-ailic loctor. The instrumental linear polarization 
is e:Tected to be ony a few percent, at a position aTIle of DO° in 
the shy values of fi and a can be measured by observing 




. b.-cause yacos(6 1, y is rOatively insensitiv to changes cf 
P s" 
few degrees in S. Over the of values of a. and 6 calcula 
/ only varios by '143% and because it is a multiplicator fact. 
Li sin(Ç-a) term of eqn, (C11..2) the calculated polarization will 
affected. y <1%. Only a small anount of demodulation of the 
sin2(-a) term is prdicted because y rk, 1. 
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.Figure Dl. Behavionr of waves in a metal. When W<<V, almost all of the 
ergy is reflected (the transmitted component is dissipated 
as heat in electron-lattice ion collisions) . When V<<igwp all 
th irejdcnt erirgy is refleete(! - them are c!xponentinlly, 
deayihg ..fAeld8 in the metal but no wave. When (;1>w the metLd 
' P 
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(i) The ef..?iciery of IT polaro!.d is calculated 7111 each of th 
photoretic wahane3 J, i nd K. For plane poled light inci- 
dent on a partial polarizer, the tronsritted intensity in given by 
41* 
= I 1Cos2(6-p) 
aI 
O - position angle of Hat 
- position angle of analyzer 
b/a 
Maxirma transnittance = 14.F; = hi 
Minumum transrittance = 1-[" = k2 
where for a near perfect analyzer ki » k2. 
(El) 
The poli (degree cf polarization introduced by analyzer 




P (E7) k 44; 
-1 2 





For HE polaroid, k1 = f10) and. k2 = f2(X) . The transmitted, 
flux is a convolution of the incident flux, the transi'iittance of no 






. TTOT 0.) = a(X)I0) 
b(A) 
1e(X) = = PM 
a(A) 
(E4) 
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(a) I(A) = Io (f.o,st.) 
Cx' r <,7 = (j. y.,, <f'> - C1.a:Jt.r <F> - C r 
J - O.lot 
(E Fj`) 
(E9) 
The r.ss':j?.ptior of R = J- is itlli. to 0.1.;, for any inc7.c'<t 
- 
:flu., distribution. At K, consider power law flux dist..ibut:ic.r 
A 
(b) I(A) = I v- a= I ( 







:fc-rv'lea..'Sy" polaroid, the spectx'<.l. shape of the incident flux c'-- 
t2'ii)ut :.c ïi affects the value of 13 calculated. The '.7llE.o í ir=Ze:. ,^.t8a.. 
used iI. 'ch:--, crossed polaroid tests are early Ty_? e without infrared L.:Y' 
cess and :1tlt a characteristic terperature e .ttLl;rE: of 5000-000K. r will }. , 
changer' by <0.5% between this caso and the case where I= I The o 
polarized source EN h.^8 a rising :11.Lî: across the :i band. The table 
abo'6'e shows that it 1.s sufficient to assure r t e constant flu: case. 
E. t'tiî] _°07' th:, ï:..^:;t e:r'i'.:CßiIe BL Y_.... object (C: = 2.5) , the difference in 
(i is only 1%. In the equations derived in Appendix C, is always 
a II.ult.ipl. %ca.tive factor on the calc.ulatec.'. polarization, Therefore the 
d.l:ipe;Fiion i75. possible values of f3 co?:';.^:.s,t;otîd, only to . C..!W error 
i?2 the polat'i,^.zti,].cZl of an object. 
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(ii) The absolue spec__.al flux c1_-br:.t1c.ìì listed in Table 2.1 
is based on the i._oc':e1 str;o:::pl!t: ; calculation by Schild r t a7., (1971) 
of Ve;_:i (c Lvr) . The infrared xt potation of their scanner dat 
r 
7.S 10rì': °C. by ft' } ;ir : a P7= ':1.C.1> .- i':unf:t:1::'.ï! with an effective teP..Fe',`1t+. ...: 
of 9G Oiä and is accu:.ate to ti ;; out to 5p m. ^ñ flu. 
of all EL Lac objects in the near infrared is very different from a 
early typ : ` ,O V) stay like Vega. t,erc:_:.s each of the broad bzntl :: 
t1Lure will be a correctic.a to the calibrated flux due to the red:::: 
of the BL Lac object. Ir addition the choice of standards affects 
the calibration. There is a lack of r ode_ately faint (K > 4) , we'.,1- 
establish .c1 standards in the near infrared, and those liste`-- in Table 
2.2 cover a range of spectral types fr0 m P2 to KO. The prsene of 
absorption lines in crie spectra of the calibration objects nay also 
change the broad band colours. The early type stars will have Paschen 
and Brackett absorption. lutes, later spectral types (F -G) will be 
nearly featureless and well -- fitted. by a blackbody of ti70OCK, and even 
later types out to KO will begin to show CO and CN absorption. 
To calculate the correction the infrared spectrophotoraetric flue es 
of stars of different spectral types are required. Strecker et al. 
(1979) have published- airborne spectîop.h_otcre'try from 1.2 - . . 
r o r 13 stars earlier th. ï3. They also interpolated t he numerical 
results of Schild et al. (1971) for a Lyr to higher resolution, although 
the.7>ol.iate spectrophotoaetry of their data still depends on the 
model atmosphere calculation of a. Lyr. The incident intensity I(),) 
is convolved with the trac_ :I:.issi on of the P_B Pola rid T(X) , the 
filter translri. ssion. function TO) and the InSb spectral response S( }_) 
(taker fr'oie Hall et al,, 1978). Sensitivity and transmission are 
normalized to the effective wavelelìth of each filter ba::dpass. 
I *(A) = I(X)T(X)T.(X)S(X) (Ell) 
and the fractional change in ne..suácd intensity due t0 two different 
flux dis'. : butions I1()ß) and I2(?,) is, 
Al 
I * (a) 1, I- tA22i_ )T()T (I X 
I = - (1:12) 




Choo:-3 tvo differclyi: distributiol.ls to mirafte the photo,metrie 
stand,-,2ds: the dat1,1 on C&CL (Al N!) and Cien(E0 III) in Streclr:er 
al (197q) Also choose three f:lfferet power law to :reprer=t 
the ranr cove:rod by the EL Lac objcots: u = 0,5, 1,0, 2.0. As before, 









1.04 0.005 0.71 0.27 186 152 
1.00 0.07 0.71 0.23 174 145 
3.08 0.26 0.72 0.29 164 138 
1,10 6 0.0 0.72 0.30 353 132 
3.12 0.63 0.72 0.31 144 126 
1.14 0.70 0.73 0.32 326 120 
1.16 0.71 0.73 0.37 128 115 
1.18 0.66 0.73 0.24 121 111 
1.20 0.70 0.72 0.34 115 107 
1.22 0.74 0.72 (.25 109 104 
1.24 0.65 0.72 0.35 103 102 
1.26 0.77 0.71 C.56 97 92 
1.20 0.80 0.71 0.36 88 96 
1,',. 0.70 0.71 0.37 87 93 
1.32 0.49 0.72 0.37 82 91 
1.34 0.61 0,72 0,32 78 82 
1.36 0.75 0.72 0,33 74 86 
1,38 0.42 0,73 0.29 70 83 
1.40 0.14 0,73 0.40 67 81 
1,42 0.02 0,74 0,40 CA 78 
1.44 0.005 0.74 0.41 60 76 
H 
1.38 0.005 0,73 0.:.,9 183 140 
1.42 0.01 0.74 0.40 366 122 
1.46 0.03 0.74 0.42 350 124 
1.50 0.31 0.75 %.,,-, , ,i,..., 136 119 
1.54 0.62 0.75 0.44 122 114 
1.58 0.66 0.74 0.45 114 109 
1.62 0.79 0.74 0,47 30e 105 
1.66 0.87 0.73 0.48 97 98 
1.70 0.33 0.", 0.49 91 92 
1.74 0.87 0.73 0.50 80 85 
1."; 0.83 0.74 0.52 7C 79 
1.22 0.06 0,75 0.51 63 74 
1,26 0.01 0.76 0.55 63 63 
1.80 0.005 0,77 0.57 60 64 
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IC 
X(Pra) r. S 1 
1.2 
F;Oen 
1.F. 0.r0. 0.77 0.7 175 168 
1.94 0.01,6 0.,Ci 0.57 )54 157 
1.9S 0.20 0.77 0.63 14.) 145 
2.c1 0.68 0,75 0.52 13t. 135 
2,r 0.73 0.73 0.59 12 127 
2.1G 0.72 0.71 0.59 31" 118 
2.14 0.76 0.09 0.00 10% 111 
2.18 0.79 0.67 0. ) 101 104 
2.22 0.84 0,65 01 f.'7 PG 
2.26 0.84 0,62 0.61 90 90 
2.-, 0.76 0.61 0.62 85 84 
2.54 0.' , 0.25 0,62 80 78 
2,3 O., . 0.29 0,6? 75 71 
2.4 0.30 0,32 f .64 71 67 
2.46 0,02 0.28 0.65 67 64 












Using 1(X ) = 100 for each filter, the integrated values of I* are, eff 
Wavet. PI1 d 
1* 
aCnn P,Gen a = 0.5 a = 3.0 a = 2.0 
J 105.2 102.3 09,8 99.5 99.4 
iI 97.9 96,7 100,4 100.9 102.1 
105.2 105.7 98.4 99.1 99,6 
The difference between using calibration st--rs of different spectral 
types is small; at J it is only 2% and at 1: only 0.5%. However there 
is a significant correction to be applieC to the flux because of the 
difference between the falling thermal flux of the standard and the 
rising non-therno ':. flur of the object acrosa the filters. In the J and 
H wavebands the standard flux is measured too hih and the object flux 
too low, so the correction is upwards; in the H waveband it is C:own- 
vai-Os. Since the dispersion in 1* is small for different value:: of 
spectral inChx, the rear of th,fl 1:170C values listed will be used, The 







K-nowins, the in:.'iareC% spectral inC;.e;< from the u'nco:'reet(?t. 
It is possible to ( .._.:Y,_c,Ci each object according to its o1::_ spf'C:t'L'.1 
shape. However the cor'-'eC:ticI,s P,_:2)].:i_ed unilaterally are accurate to 
'\(1%, at whi-ch level they ore c?o7"7lìa.teCÌ by other contrRbn`,icns to the 
error. The core-z::Cted fln::é'.: in Yi':.f arc listed in Table 3.4. 
(iii) Interstellar Extinction. The correction due to interstellar 
extinction in our Galaxy can be quite uncertain for any pe ;icula,. 
object due to the inhomogeneous interstellar medium. h ei.les (l97) 
has shown that the variable gas-to-dust ratio in the Galaxy makes 
the cosec 
IbIII 
parameter are imperfect indictor of extinction. 
More consistent results have been achieved by Purstein and Heiles 
(1978) using galaxy counts and EI column densities. These problems 
are considerably reduced in this work _ because the objects are 
generally at high galactic latitude and extinction in the near infrared 
is considerably reduced. 
As an estimate, the method of Sandage (1972) will be used. The 
extension of the extinction lawn into the infrared was done by 
Joh? son (1968) using the woá. = of vee der fiulst (1949). The selective 
extinction Goof fi-ci ee.r.S used are: 




= 0.13, J /AV = 0,23 (FP) 
Only 6 out of the sample of 17 have 
lb1T1 
< 40o; for those with 
bTII > 400, AV < 0.7.0 and the corrections in the infrared will be 
very small and well within the uncertainty in the photometry. There- 
fore no correction is applied to those sources. For the remaining 





K AH AJ 
0235 + 164 -39° 0.10 0.01 0.01 0.02 
0735 + 178 +18 0.46 0.04 0.06 0.11 
0754 + 101 +21 0.40 0.04 0.05 0.09 
0851 + 202 +38 0.13 0.01 0.02 0.03 
1652 + 398 +37 0.10 0.01 0.01 0.02 
1727 + 503 +34 0.15 0.01 0.02 0.03 
Because of the fundamental uncertainty in the corrections and 
the limited precision of the photometry, corrections less than 1% 
at K (2.2pm), 2% at H (1.65pm) and 3% at J (1.25pm) were not applied. 
Therefore the only two objects where the correction has been made 
are 0735 +178 and 0851 +202. 
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Figure El. Relation between extinction ratio (pp) and efficiency 




I I I -2 
1 1-5 
X(p) 
Filter transmission against wavelength (data from OCLI 
Optical Coatings Ltd.) and polaroid extinction ratio 
against wavelength (data from Polaroid Corporation UK Ltd.). 
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H (1.65pm) 







Filter transmission against wavelength (data from OCLI 
Optical Coatings Ltd.) and polaroid extinction ratio 
against wavelength (data from Polaroid Corporation UK Ltd.). 
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Filter transmission against wavelength (data from OCLI 
Optical Coatings Ltd.) and polaroid extinction ratio 
against wavelength (data from Polaroid Corporation UK Ltd.). 
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APPENDIX F 
The order of magnitude of two possible systematic effects in the 
analysis are derived, and shown to be small, 
(i) Birefringence of the analyzer. Consider a partial polarizer 
with retardante S, where the axes of principal transmittance and re- 
tardance coincide. The matrix is given by (A4), 
a bc bs 0 
2 2 bc ac +us (a-u)sc -VB 
b s ( a- u) s c as 2+uc2 vc 
0 vs -VC u 
where u = ecosd, v = esind. For crossed polaroids, the only 
difference the birefringence makes to the top row is a term in sind 
(compare with A7) , 
2 
+b2C abc(1 +C) -ebsS abs(1 +C) +ebcS vbS 
{13' 
B-a/{1)". ß }-i 
(FI) 
(F2) 
It is easy to see that the other two combinations of interest, 
{P } {D} and {D} {PB }, take a similar form to (F2) because the matrix 
form for the dichroic is identical to the matrix form of a birefringent 
analyzer. The difference is that the dichroic is a weak polarizer 
and the analyzer is a strong polarizer with b/a ti 0.89 at 2.211m. 
Consider first the experimental configurations (i), (ii), (v) and 
(vi) in Appendix B, which are all of the form, 




Since only the 4th element of the top row of any of these com- 
binations is altered by the birefringence, the reduction formulae 
are unchanged. However, in the set -ups described by (iii) , (iv) 
and (vii) the combinations act on elliptically polarized light and 
there is a mixing of U and V caused by the birefringence of the 
analyzer. Therefore all the elements in (F2) are important, and are 





= (esinS)D(esind)P (F4) 
where subscripts P and D represent polaroid and dichroic respectively. 
For dP very small (do 'L 15 °), VDVP « 1 and the matrices reduce to 
the non- birefringent case. Also, U -Y e and Vp -- O, so (F1) reduces 
to (A2). However, with no a priori knowledge of the size of d, it 
must be included in the analysis. Therefore, in terms of (A9) , 
{p}{PB} = {D}{P'} + 
/0 0 
0 -vvss vvsc 
0 vvcs -vvcc 
0 uvs -uvc 
0 bvS 
(F5) 
where v,u refer to the analyzer, 
Now using equation (A11), 
o 
0 
{PB}{D} = {P'/{DI + i 
0 
-b vS 
and using (F2) , 
0 
0 


















-v 2 cc 
bvS 
0 b vS 
2 
V CS -uvs 
vvc 
22- 2/ 




Now (iii) , (iv) and (vii) are of the form (Appendix B) , 
{pB }( {D } {p }) ; ( {pÉ } {D })( {pB } {pB }) 
Therefore only the 1st term in the top row of the preceding matrix 
is relevant. The extra contributions to the modulation from the bire- 
fringence are given by using the second terms of (F5) - (F7) in (F8). 
These extra terms are zero except for configuration (vii) where there 
.. 2 2 
i is a term -bbv S which corresponds to a modulation ßßY Typ cally, 
y _ 1, ß _ 0.9 and ß _ 0.05, so this one experimental test may have a 
spurious birefringent effect of order <5%. The important result is 
that the analyzer birefringence, whatever its magnitude, does not affect 
the derivations of reduction formulae. 
(ii) Circular polarization in the source. It has been implicit in 
all the derivations that none of the sources observed have any intrinsic 
circular polarization. The only component is assumed to be due to 
linear -to- circular conversion at the dichroic mirror. The only source 
with non -zero circular polarization was the EN object, which has a 
level of tiló at 2.2pm (Lonsdale et al., 1980). The polarimeter con- 
figuration had the dichroic upstream of the analyzer, therefore using 
(All) , 
1I* aa+bbC abC+b ( acC-usS) abs+b ( asC+usS) bvS\ I 
Q* . . . 1 Ipc 
U* . . Ips 
V* 0 . . . j I9 
(F9) 
which leads to an extra term ßygS in the expression for the trans- 
mitted intensity. The circular polarization introduces a modulating 
term of amplitude <1% which will lead to an error of til% in the value 
(F8) 
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of linear polarization of BN. For BL Lac objects, q < 0.1% and the 
precision in the measurement of p is not affected. Note that if the 
analyzer is upstream of the dichroic, circular polarization in the 
source does not modulate the transmitted flux, 
I* 
(aa+bbc 
abC+b(acC+esS) abs+b(asC-ecS) O I 
Q* . . . O Ipc 
U* 
-I 
. . . O Ips 
(F10) 
V* . . . O Iq 
Reference 
Lonsdale C.J., Dyck H.M., Capps R.W. & Wolstencroft R.D., 1980. 
Astrophys.J., 238, L3. 
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Measurement of linear and circular polarization 
using the UK Schmidt telescope 
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Summary. Filters for detecting linear and circular polarization have been 
constructed for the UK Schmidt telescope. The first plates with these filters 
have been taken, and are presently being reduced. In this paper, the filters 
are described and threshold levels for the detection of polarization are esti- 
mated using calibration objects. The calibration objects were the BL Lac 
object OJ 287 for linear polarization and the magnetic white dwarf LP 790 - 29 
for circular polarization. The 4a detection threshold is 10 -12 per cent for 
both linear and circular polarization from one set of plates. 
I Introduction 
The first accurate photographic study of linear polarization using a Schmidt telescope was 
carried out by Pratt (1968). He used a polaroid filter to observe 527 stars down to V = 13 
in a 1° diameter field: multiple exposures were taken on the same plate at different orienta- 
tions of the polaroid filter. Pratt used the Edinburgh Schmidt telescope and Ilford R40 emul- 
sion in his study. By using the 48 -inch UK Schmidt telescope and Kodak IIIaJ emulsion, the 
area of sky observed and limiting magnitude can be substantially increased. In this paper we 
describe a photographic method of measuring both linear and circular polarization of stars. 
This is the first photographic study of circular polarization. 
2 The filters 
2.1 LINEAR POLARIZATION 
2.1.1 Description of the filter 
The filter consists of two pieces of HN32 polaroid vacuum -laminated between high- quality 
float glass (see Fig. 1). The first (A) is circular, of diameter 25.4 cm, and defines a program 
region of 560 cm2 (19.4 deg2). It rotates on a friction bearing between positions 45° apart. 
The second (B) is fixed; the part within the unvignetted region of the plate (shown in the 
276 R. D. Wolstencroft, C. D. Impey and R. J. Smith 
Figure 1. The linear polarization filter. A is a circular, rotatable filter which defines the program area A. 
It is entirely within the unvignetted field (dashed circle). B is a fixed filter: the part within the unvignetted 
field defines the control region. C is the opaque filter holder. 
figure as a dashed circle of diameter 30.5 cm) defines the control region. The remainder 
of the photographic plate is occluded by the filter holder (C) and the Schmidt calibration 
step wedges are not visible. The filter is approximately 3 mm thick. Note that the program 
region is centred 2.5 cm from the centre of the unvignetted area. 
2.1.2 Use of the filter 
When partially linearly polarized light of intensity I and degree of polarization p is incident 
on the filter the transmitted intensity is 
K1 +K2 K1 -K2 
ToI =I{( +p( )cos2(_0)}, (1) 
where 0 and B are the position angles of the polaroid and the polarized radiation respec- 
tively, and K1 and K2 are the transmission factors parallel and perpendicular to the accept- 
ance axis of the polaroid. A set of plates is obtained by making four consecutive exposures, 
each taken through a different orientation of the polaroid (0 = 0 °, 45 °, 90° and 135 °). To 
allow for differences in exposure time, emulsion sensitivity, atmospheric transmission and 
other factors we write the intensity measured from the photographic plate taken at orienta- 
tion ¢ as I0 = CoTTI. The control filter remains at a fixed orientation and thus measurements 
of stars in the control region of the plate can be used to determine the control factor Co for 
each plate of a set. The combination of polaroid filter and IIIaJ emulsion defines a passband 
from 4000 to 5500 A approximately, similar to that of a Johnson B magnitude. 
From the measured values of I0 and Co we can obtain To/ = I4,/Co, and hence 
p sin 20 = R 
p cos 20 = R 
C745 - TisS 
T45+Tjg5) I 
To - T90 Q 
(To +T90) I' 
(2) 
where (Q, U,1) are the Stokes parameters of the incident light and R = (K1+ K2)I(K2 - K2) 
is essentially unity (R - 1 < 0.003). Note that in order to obtain the intensities I0 from 
measurements of the photographic plate a photoelectric sequence is necessary. The control 
factors Co allow for the average plate to plate differences but cannot allow for variations 
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across a given plate due to any of the contributing effects mentioned above. Of these the 
photographic effects are potentially the most serious; they have been minimized by using 
IIIaJ plates taken from the same box, and by hypersensitizing and developing the plates 
together. Exposure through consecutive orientations have been taken in conditions of stable 
seeing close to the meridian. The polaroid filter material was selected to have the minimum 
variations in transmission across its surface; the variations are regular (frequently termed 
corrugations) and have been mapped both in the lab and on the telescope. In the analysis of 
small regions of the plate reported in this paper (- 4 cm2) the corrugations can be ignored 
because of their relatively long wavelength (4.5 cm) and modest amplitude (- 4 per cent 
peak to peak), but are taken into account in our analysis of the entire program region 
(560 cm2) currently in progress. 
2.2 CIRCULAR POLARIZATION 
2.2.2 Description of the filter 
Two filters are necessary for the detection of circular polarization. Termed the LH and RH 
filters respectively, both are made of HNCP37 - a carbonized butyrate lamination of a 
plastic quarter -wave plate and a sheet of polaroid. The waveplate exhibits a quarter -wave 
retardance at a wavelength close to 5600 A, while the polaroid is similar to HN38. Each 
filter is cemented to a piece of commercial float glass for support, a semi -plastic polyester 
resin being used to avoid stress effects in the waveplate. Incoming starlight passes through 
the waveplate, then the polaroid and finally through the glass. In this way the quality of the 
glass and the properties of the cement should not affect the measurement of polarization. 
The filters are approximately 4 mm thick and have a clear aperture of 1156 cm2 (correspond- 
ing to a field of 40 deg2 on the UK Schmidt, including the entire unvignetted area). The 
calibration step wedges remain visible. The two filters differ in the orientation of the wave - 
plate with respect to the axis of the polaroid. The LH filter produces left- handed or negative 
circular polarization when unpolarized light passes through from the polaroid side, as the 
fast axis of the waveplate in this filter is at -45° to the axis of the polaroid. The RH filter 
produces right -handed or positive circular polarization and has the fast axis of the waveplate 
at +45° to the axis of the polaroid. Gehrels' sign convention is used (Gehrels 1974). 
2.2.2 Use of the filter 
Using the Mueller calculus (see e.g. Clarke & Grainger 1971), the following expression can 
be given for the intensity detected by the photographic plate. 
I± = C± [(K1 + K2)I + (K1 - K2) Q cos S ± (K1 - K2) V sin S )] (3) 
where (I, Q, U, V) are the Stokes parameters of the incoming starlight, I" and E are the 
intensities of the light emerging from the RH and LH filters respectively, K1 and K2 are as 
before the principal intensity transmission coefficients of the polaroid, C+ and C_ are the 
transmission scale factors to account for different integration times, plate sensitivities, 
atmospheric transmission, etc. and IS is the retardance of the waveplate. 
Photographic plates are obtained with each filter in turn. The Kodak IIIaF emulsion is 
used giving a bandpass of approximately 4000 -7000 A. Since - 99 per cent of all stars on 
the plate are effectively unpolarized, almost every star image can be used to define the trans- 
formation between the two plates. As in the linear case, intensities are derived using a cali- 
bration sequence. In this way, the factors C+ and C_ can be determined and the measured 
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degree of circular polarization obtained from 
(I. /C +) - (/'/C_) 
q - 
If K2 = 0 (perfect polarizer) and 6 = 90° (perfect waveplate), q' would be equal q = V /I. 
However, we find from (3) that 
V sin S Vy 
q 
I (Kl +K2) /(Kl - K2) + (Q cos 6 /I) I . (5) 
Note that the detection efficiency for circular polarization drops off at wavelengths far from 
5600 A, and also that linearly polarized flux can affect the measurement. Using typical 






Q/I =10 per cent 
0.844 
0.945 
Q/I = 30 per cent 
0.962 
1.024 
5000 0.983 1.022 K, = 0.8 
5500 0.985 0.991 K2= 0.007 
6000 0.967 0.948 
6500 0.940 0.902 
7000 0.907 0.857 
3 Calibration object 
3.1 LINEAR POLARIZATION 
3.1.1 Detection 
A set of short exposure (10 min) plates of the BL Lac object 0J 287 were obtained in 1979 
March. This object has a history of strong and variable liner polarization with a maximum 
level of 29 per cent (Kinman 1976). An independent determination of the polarization was 






300 400 500 
Iris reading(90 ) 
Figure 2. The photographic detection of the linearly polarized BL Lac object OJ 287. Readings of the Iris 
Diaphragm Photometer for the 0° and 90° orientations of the filter for stars in the field (4 cm2) are 
plotted against each other (with OJ 287) (indicated by a cross). The best fitting straight line is shown. 
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before the plates were taken OJ 287 was observed by S. Tapia at the University of Arizona 
with the ` Minipol' polarimeter. The photoelectric measurement of polarization was 
p = 16.6 ± 0.9 per cent at position angle O = 85 °.7 ± 1 °.6. 
Using the Becker Iris Photometer at ROE, 86 stars around OJ 287 were measured on each 
of the four plates. The stars covered an area of approximately 4 cm2. Thirteen faint stars 
were discarded because they were close to the plate limit. Iris readings were plotted for the 
two orthogonal pairs: 0° and 90 °, 45° and 135 °. In both cases the plots were fitted with a 
straight line by linear regression with a correlation coefficient of greater than 0.99. The 1 a 
dispersion for 0° versus 90° was 4.4 iris units, and for 45° versus 135° it was 3.4 iris units. 
The Becker measurement error is only 1 unit. OJ 287 was displaced from the best -fit straight 
line on the 0° versus 90° plot by 5.6a (Fig. 2), but was not at all displaced from the 45° 
versus 135° best fit line. Note that the line in Fig. 2 does not pass through the origin because 
of slight differences in the background density of the plate. 
3.1.1 Calculation 
A magnitude calibration is needed to derive a measure of the degree of polarization. Penston 
& Wing (1973) have published a photoelectric sequence for OJ 287. Only four members of 
the sequence could be used, because when observed, OJ 287 was at the faint end of its magni- 
tude range. It should be noted that the variable star in the sequence was not used (Schaeffer 
1979). To calculate an interpolated magnitude for OJ 287 on each of the four plates, it was 
assumed that over a small magnitude range (AB < 0.5) there is a linear relationship between 
iris reading and magnitude. Any polarization of the standard stars is accounted for in the 
error of the magnitude calibration, given that the position angles are randomly orientated. 
The error on the magnitude of OJ 287 at each of the position angles was calculated from 
the iris reading error, the photoelectric error on the sequence stars and a linear regression 
straight line fit. From equations (2), 
P= 
! \ 1 
- Ti3s/Tas 2 (1 - T90/To z )1/2 









B ='h arctan{ 
U l 4 0 
The quantities T90 /To and Tips /T45 are calculated from the magnitude difference between 
images at orthogonal positions of the polaroid. p and O are calculated by (6), with a(p) and 
a(B) being derived from the propagation of errors through equations (6). 
The results for the polarization of OJ 287 are: 
Photographic p = 16.5 per cent ± 5.0 per cent at 87° ± 18°, 
Photoelectric p = 16.6 per cent ± 0.9 per cent at 85.7° ± 1.6 °. 
3.1.3 Comments 
The photoelectric and photographic determinations agree to well within the errors. Since 
some BL Lac objects have variable polarization on a time -scale of days, and the two obser- 
vations were separated by six nights, the close agreement may be fortuitous. However, the 
extensive monitoring of OJ 287 by Angel et al. (1978) failed to turn up night -to -night 
polarization changes; all the large movements were over periods of weeks or months. The 
present four exposures were taken within the space of one hour. 
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For relatively bright objects at high galactic latitude the assumption of unpolarized or 
randomly polarized standard stars is acceptable. The extension of this technique to deeper 
fields may entail the use of photometric standards with appreciable interstellar polarization. 
Our reduction procedure effectively subtracts the mean polarization of the field stars from 
the polarization of the program object. Measurements of two field stars close to OJ 287 
(Serkowski 1980, private communication) show polarizations of less than 2 per cent, a level 
which will not significantly affect our results. Thus objects with anomalous polarization will 
be readily detected even if the measured values of the polarization are subject to this 
uncertainty. 
When the method is used as a discovery technique, only the threshold of detection is 
important. BL Lac objects are rare, but 2/3 of those known have maximum polarization of 
more than 12 per cent (Stein et al. 1976), and their numbers are expected to increase with 
limiting magnitude. As large areas of a deep survey plate containing 105 images are studied, 
errors are likely to increase. Since this is a photographic process, a high -a tail might be 
expected. It should be noted that polarization of field stars (Craine et al. 1978) will contri- 
bute to the scatter in Fig. 2. To give a manageable sample of objects for closer examination, 
a detection threshold of 4a can be set corresponding to p = 12 per cent for one set of plates. 
3.2 CIRCULAR POLARIZATION 
3.2.1 Detection 
Two sets of short exposure plates on IIIaF emulsion were obtained of the magnetic white 
dwarf LP 790 - 29 (Liebert et al. 1978). This object is reported to have a surface magnetic 
field in excess of 108G, and to have strong continuum polarization which does not vary with 
time. The spectrum is dominated by a large depression extending from 4300 to 5600 A. A 
circular polarization spectrum shows a similar dip, with polarization of about + 7.5 per cent 
in the blue, +10 to 12 per cent in the red, and practically zero in the depression. The circular 
polarization in the filter /emulsion passband is difficult to calculate as the degree of polariza- 
tion is not well determined at the wavelength of maximum sensitivity of the emulsion. We 
estimate it to be +10 ± 2 per cent. 
Using the Iris Becker photometer at ROE, 107 stars around LP 790 - 29 were measured 
on each of the four plates, and also on two plates taken without a filter. The stellar images 
lay in an area of approximately 1 cm2. Each plate was measured twice and the results aver- 
aged. Stars for which the two measures were discordant were discarded. Plots were then 
made of iris reading between RH and LH plates of each set (Fig. 3) and between the two 
unfiltered plates. A straight line was fitted to the centre of the range (covering about 30 
stars). The average 1 a dispersion for the filtered set of plates was 2.5 iris units, being worse 
on one of the sets of plates. Note that Fig. 3 shows both a non -zero intercept and a slope 
which differs from unity. These effects arise mainly from the way in which the Becker was 
set up to measure each plate. They do not signify gross differences in either the transmis- 
sions of the two filters or in the integration times for which the two plates were exposed. 
3.2.2 Calibration 
Unfortunately, no suitable photoelectric sequence exists for this region of sky. Accordingly, 
no photographic measure of the degree of polarization is possible. However, if the method 
is merely to be a discovery technique, then only the threshold of detection is important. The 
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Figure 3. The photographic detection of the circularly polarized magnetic white dwarf LP 790 - 29. 
Readings of the his Diaphragm Photometer for objects on plates taken through the left hand and right 
hand filters are plotted against each other (the white dwarf is indicated by a cross). Sky background was 
significantly different between the two plates and only the linear portion of the graph is shown. 
plates gave a detection of almost 6.5 a. Comparison between the two unfiltered plates 
showed no variation in the integrated light from the white dwarf to have occurred, within 
the errors. 
3.2.3 Comment 
Magnetic white dwarfs are not common, and examples with as high a polarization as 
LP 290 -29 are particularly rare. If a deep survey plate containing 105 images is to be 
searched, the detection threshold must be set considerably higher than 3 a because of the 
expected high -a tail. The data discussed here suggests that a combination of two sets of 
plates would give a 4 u detection of circular polarization of 6 -8 per cent. 
4 Future work 
The filter to detect linear polarization is being used to search for BL Lac and related objects 
at high galactic latitude. BL Lac objects have been discovered almost exclusively from radio 
source identifications. Optical searches for quasars have been successful, but BL Lac objects 
do not have the same characteristics of strong emission lines or an ultraviolet excess. In the 
Schmidt survey we are looking for the strong linear polarization which these objects display 
(the highest recorded degree of polarization to date is 48 per cent). These levels of polariza- 
tion pose severe problems for all conventional models of synchrotron- emitting active nuclei. 
A radio -independent search for BL Lac objects will determine whether there are analogues 
to the radio -quiet quasars, and help to discriminate between current models of active nuclei. 
The circular polarization filters are being used to search for magnetic white dwarfs at 
medium to high galactic latitude. The number of known magnetic white dwarfs, both in and 
out of binary systems, is currently 17: it is hoped that this number would be increased very 
substantially with this technique. In a high latitude Schmidt field containing about 2 x 105 
stars (in 40 square degrees) down to V = 21, the number of detectable magnetic white dwarfs 
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can be estimated very approximately to be between 5 and 50. For a given magnetic field 
strength the largest polarizations (up to 35 per cent) occur in the magnetic white dwarfs in 
binary systems for which the relevant field (in the accretion column) is well ordered, rather 
than in the isolated magnetic white dwarfs for which the field must be integrated over the 
entire photosphere. Assuming that the distribution of field strengths are the same for the 
isolated and binary objects, the survey will detect the binary objects principally. The periods 
of these objects are only a few hours but a sequence of exposures at intervals of about 
15 min should be sufficient to detect these objects efficiently. 
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